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PHYSICAL  STUDIES  OF  M0O3  CATALYSTS  ON  SILICA 


AND  CARBON  SUPPORTS 
by 

Russell  S.  Drago*,  Vaneica  Young*,  David  J.  Singh  and 
Gerald  C.  Grunewald 

ABSTRACT 

The  nature  and  characteristics  of  the  catalytic  surface  of  supported  M0O3 
catalysts  were  studied.  Changes  that  occurred  on  oxidizing  alcohols  in  air  over 
carbon  and  silica  supported  M0O3  were  examined.  Structural  data  were  combined 
with  electron  microscopy  and  photoelectron  spectroscopy  to  demonstrate  that  the 
carbon  support  promotes  segregation  and  fragmentation  of  M0O3.  whereas  sintering 
occurs  on  silica.  Results  indicated  that  this  may  be  correlated  with  a  synergism 
between  the  carbonaceous  material  and  metal  oxide  which  provides  a  reoxidation 
pathway  for  reduced  Mo,  thus  preventing  formation  of  extended  zones  of  M0O2, 
which  in  inactive  for  the  oxidation  of  alcohols. 

GAS-SOLID  EQUILIBRIA  IN  POROUS  CARBONACEOUS  MATERIALS 

by 

Russell  S.  Drago*,  Douglas  S.  Burns\  J.  Michael  McGllvray,  Wm.  Scott  Kassel 
Steven  K.  Showalter^  and  Todd  J.  Lafrenz^ 
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ABSTRACT 


Temperature  dependent  adsorption  isotherms  for  a  series  of  adsorptives 
on  two  microporous  carbonaceous  solids,  are  used  to  develop  a  method  that 
characterizes  the  affinity  of  an  adsorbent  for  gas  molecules.  A  predominantly 
carbon  adsorbent  (A-572),  and  a  nitrogen  containing  adsorbent,  pyrolyzed  poly¬ 
acrylonitrile  (PPAN),  are  studied.  A  multiple  process  equilibrium  Interpretation  of 
the  data  is  used  to  calculate  adsorption  equilibrium  constants  for  the  distribution 
of  the  adsorptive  between  the  gas  and  the  solid.  Equilibrium  constants  for  three 
distinct  processes  (Ki.ad,  K2.ad.  and  K3.ad)  are  found  to  describe  most  of  the  gas- 
solid  adsorption  isotherms  on  both  solids.  The  analysis  shows  that  the  first 
process  (Ki.ad).  involves  adsorption  of  the  gas  by  the  solid  surface  in  micropores 
of  molecular  dimensions.  The  second  process  involves  adsorption  in  slightly 
larger  micropores.  The  third  process  involves  adsorption  by  larger  micropores 
that  can  accomodate  bilayer  adsorption,  and  for  condensible  gases  multilayer 
adsorption.  In  order  to  define  the  n’s  and  tCs  for  the  three  processes,  isotherms 
are  measured  at  several  temperatures.  In  this  model,  the  n-values  are 
temperature  independent.  Enthalpies  for  these  processes  result  from  the 
temperature  dependent  isotherms.  The  free  energies  of  adsorption  plot  up 
linearly  with  the  enthalpies. 

For  adsorptives  which  possess  little  or  no  dipole  moment  there  is  a  direct 
relationship  between  their  polarizability  and  both  the  In  Kad  values  and  the 
enthalpies  of  adsorption.  Molecules  with  a  dipole  moment  are  adsorbed  more 
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effectively  by  the  solid  than  is  expected  on  the  basis  of  their  polarizability  (i.e.. 
Ki.ad  is  larger  than  expected).  The  free  energies  and  enthalpies  of  adsorption  of 
all  adsorptives  on  A-572  correlate  with  the  van  der  Waals  constant  of  the 
adsorptive  to  afford  predictions  of  the  affinity  of  these  solids  for  gases  that  have 
not  been  measured.  The  polar,  acceptor  adsorbate  SO2  is  shown  to  undergo 
specific  donor-acceptor  interactions  with  PPAN  by  the  van  der  Waals 
correlation.  The  utility  of  this  information  for  catalytic,  gas  storage  and 
separation  applications  is  illustrated. 

A  quantity,  referred  to  as  effective  pressure  (Peff),  is  introduced  to 
compare  the  concentrating  power  of  different  microporous  solids.  Effective 
pressure  is  of  utility  in  catalytic  systems  as  it  indicates  the  pressure  that  would 
have  to  be  applied  to  an  ideal  gas  to  attain  a  comparable  concentration  of 
reactants.  The  magnitude  of  Peff  is  related  to  adsorptive  properties  and  is 
influenced  by  the  surface  area,  pore  size,  pore  distribution,  polarity,  dispersion, 
and  reactivity  of  the  support. 

MOLYBDATE  AND  TUNGSTATE  DOPED  POROUS  CARBONS 
AS  HYDROGEN  PEROXIDE  ACTIVATION  CATALYSTS 
FOR  SULFIDE  OXIDATIONS, 
by 

Russell  S.  Drago*  and  Douglas  S.  Burns® 
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ABSTRACT 


Sodium  molybdate,  copper^'^  molybdate,  and  sodium  tungstate  doped  into 
the  carbonaceous  adsorbent  Ambersorb®  572  produced  very  effective  catalytic 
systems  for  the  oxidation  of  the  mustard  simulant  ethylphenyl  sulfide  and  the 
ethylphenyl  sulfide  intermediate  to  ethylphenyl  sulfone.  Complete  conversion  to 
the  corresponding  sulfone  occurs  using  H2O2  as  the  oxidant  in  a  matter  of 
minutes.  The  novel  feature  of  these  catalysts  is  that  they  function  under  basic 
conditions  where  base  catalyzed  hydrolysis  reactions  can  be  employed  for  agent 
destruction. 

STOICHIOMETRIC  AND  CATALYTIC  OXIDATION  OF  ORGANIC 
SUBSTRATES  WITH  IN-SITU  GENERATED  PERACIDS 

by 

Russell  S.  Drago,  Alfredo  L  M.  L.  Mateus  and  Douglas  Patton 

ABSTRACT 

Thioethers  are  efficiently  oxidized  by  peracids  generated  in  situ  from 
carboxylic  acid  anhydrides  and  H2O2  using  1-methyl-2-pyrrolidinone  as  the 
solvent.  Sulfoxides  or  sulfones  can  be  produced  in  high  yields  by  varying  the 
amount  of  hydrogen  peroxide  when  an  excess  of  carboxylic  acid  anhydride  is 
used.  Catalytic  use  of  the  carboxylic  acid  was  demonstrated  for  the  thioether 
oxidation  by  the  total  conversion  of  a  2:1  excess  of  the  substrate.  This  behavior 
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could  not  be  observed  for  epoxidation  reactions  due  to  the  poor  nucleophylicity 
of  the  olefins.  Attempts  to  increase  the  concentration  of  peroxy  acid  in  solution 
and  the  secondary  reactions  of  the  epoxide  product  are  discussed. 


OXIDATIONS  OF  ALKANES  BY  THE  H2O2-VANADIUM-PYRAZINE 
-2-CARBOXYLIC  ACID  COMPLEX 
by 

Georgiy  B.  Shul’pin,  Russell  S.  Drago,  and  Michael  Gonzalez 


ABSTRACT 

Light  alkanes  (ethane,  propane,  n-butane,  n-pentane)  are  readily  oxidized 
in  acetonitrile  solvent  by  H2O2  with  vanadium-pyrazine-2-carboxylic  acid  (PCA) 
as  the  catalyst  at  75*C  and  pressures  of  ~3  atm  to  produce  predominantly  or 
exclusively  ketones  (aldehydes).  Isobutane  is  transformed  selectively  into  t- 
butanol.  The  oxidation  of  cyclohexane  at  26‘’C  in  acetone  or  acetic  acid  is  less 
efficient  than  that  in  acetonitrile.  The  reaction  does  not  occur  in  f-butanol. 


Activation  Of  Hydrogen  Peroxide  For  Oxidations  By  Copper(ll)  Complexes 

By 

Michael  H.  Robbins*  and  Russell  S.  Drago* 
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ABSTRACT 


Gopper(ll)  complexes  of  the  general  formula  [LCu(H7.0)4]"*  (where  L  is  a 
bidentate  ligand  and  n=1  or  2)  activate  hydrogen  peroxide  for  the  oxidation  of 
quinaldine  bule,  an  oxidation  indicator.  The  copper(ll)  complexes  of  tri-  and 
tetra-dentate  ligands  are  shown  to  be  inactive,  as  are  the  b/s-complexes  of 
bidentate  ligands.  The  proposed  mechanism  for  peroxide  activation  involves  the 
formation  of  a  copper(ll)-hydroperoxide  complex,  which  then  rapidly  oxidized  the 
substrate.  Comparison  of  reaction  rates  with  different  ligand  systems,  and 
different  ligand  to  metal  ratios,  lead  to  the  conclusion  that  two  equatorial 
coordination  positions  must  be  occupied  by  easily  displaced  water  to  form  the 
active  complex.  Rate  studies  are  performed  which  give  an  experimental  rate  law 
which  is  first-order  in  copper(ll)  complex,  zero-order  in  substrate,  and  variable 
order  in  peroxide.  These  kinetics  are  predicated  by  the  rate  law  derived  from 
our  proposed  mechanism.  The  variable  order  In  peroxide  can  be  explained  in 
terms  of  Michaelis-Menten  type  kinetics,  as  linear  Lineweaver-Burk  plots  of 
(rate‘^)  vs.  ([O2H  j’)  are  obtained  from  our  experimental  data.  This  is  consistent 
with  our  proposed  mechanism,  as  the  derived  rate  law  can  be  rearranged  Into 
the  Michaelis-Menton  equation. 
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APPENDIX 


Redox  considerations  for  a  ruthenium  complex  catalysis  of  substrate 
oxidation  by  hydrogen  peroxide  in  aqueous  solution 


Michael  H.  Robbins  and  Russell  S.  Drago* 

Department  of  Chemistry,  University  of  Florida,  Gainesville,  FL  3261 1 ,  USA 


The  pH  dependence  of  the  redox  chemistry  of  [Ru(dmphen)2(H20)]2^  has  been  measured  (dmphen  =  2,9- 
dimethyl- 1,1 0-phenanthroline).  Comparison  of  the  results  with  those  for  similar  complexes  illustrates  the 
unique  acidity  of  the  co-ordinated  waters  and  the  large  oxidizing  strength  of  the  ruthenium.  The  reaction  of 
[Ru(dmphen)2(H20)2]^''  with  H2O2  has  been  studied  as  a  function  of  pH  and  the  results  are  used  to  provide 
a  mechanism  for  the  catalysis  of  alkane  oxidation  by  this  complex. 


The  metal-catalysed  oxidation  of  organic  substrates  is  a  subject 
of  intensive  research.  Che,^  Meyer,^  Takeuchi^  and  Groves 
and  co-workers  have  extensively  examined  the  synthesis, 
reactivity  and  electrochemical  properties  of  a  large  number  of 
ruthenium  complexes.  They  exist  in  a  wide  range  of  oxidation 
states  and  can  form  stable  0x0  and  dioxo  species  in  solution 
through  proton-coupled  electron-transfer  reactions.  These 
properties  are  attractive  for  oxidation  catalysts. 

Our  research  has  focused  on  a  unique  sterically  hindered 
ruthenium  complex,  [Ru(dmphen)2(H20)2]^'^,  where  dmphen 
is  2, 9-dimethyl- 1,10-phenanthroline.  In  acetonitrile,  this 
complex  is  oxidized  by  hydrogen  peroxide  and  dioxygen  to 
form  oxoruthenium(iv)  and  by  hydrogen  peroxide  to  form  cis- 
dioxoruthenium(vi).  It  is  a  catalyst  for  oxidizing  alkenes  and 
alkanes  with  O2  and  H2O2.  The  sterically  hindering  ligands 
prevent  the  formation  of  both  p-oxo  dimers  and  the  trans-d\o\o 
species.  In  other  polypyridyl  complexes  the  dimers  are  not  very 
reactive  and  the  trans-dioxo  complex  is  a  weaker  oxidant  than 
the  cis  complex. 

An  earlier  paper  proposed  a  mechanism  for  ruthenium- 
catalysed  oxidation  of  alkenes  and  alkanes  with  dioxygen  and 
hydrogen  peroxide.  This  paper  focuses  on  the  inorganic 
chemistry  of  the  catalyst.  The  kinetics  of  formation  and 
thermodynamic  oxidization  potentials  of  the  various  aqua-  and 
oxo-complexes  of  Ru(dmphen)  involved  in  the  catalytic 
oxidation  cycle  are  studied.  The  pH  dependences  of  the 
ruthenium  potentials  in  aqueous  solution  are  reported  and 
compared  to  the  pH-dependent  potentials  required  for  the 
activation  of  dioxygen  and  hydrogen  peroxide.  The  use  of 
Pourbaix  plots  for  the  prediction  of  feasible  metal  complex 
intermediates  is  examined.  A  kinetic  study  of  the  reaction  of  the 
ruthenium(n)  complex  with  hydrogen  peroxide  is  also  reported 
and  the  effect  of  pH  examined.  The  implications  of  this 
chemistry  on  aqueous  and  non-aqueous  catalytic  oxidation 
mechanisms  are  discussed. 

Experimental 

Materials 

Ruthenium(iii)  chloride,  2,9-dimethyl- 1 , 1 0-phenanthroline, 
LiC104  and  LiCl  were  all  used  as  received  from  Aldrich. 
Potassium  hydrogenphthalate  (Fisher)  was  dried  overnight  at 
100  °C  under  vacuum.  30%  Hydrogen  peroxide  (Fisher)  was 
diluted  as  appropriate  for  the  kinetic  studies  and  the  peroxide 
concentrations  were  measured  by  iodometric  titration.  The 
KOH  solution  used  in  the  pH  measurements  was  prepared  by 
dilution  of  a  stock  solution  made  from  KOH  pellets  (Fisher), 
followed  by  standardization  with  potassium  hydrogen¬ 
phthalate. 


Measurements 

The  UV/VIS  measurements  were  performed  on  a  Perkin-Elmer 
Lambda-6  spectrophotometer,  pH  measurements  with  a  Fisher 
Accumet  model  630  pH  meter.  Cyclic  voltammetry  was  done 
with  a  PAR  173  potentiostat/galvanostat  attached  to  a  PAR 
175  universal  programmer,  a  PAR  179  digital  coulometer  and 
a  Houston  Instrument  Omnigraphic  2000  XY-recorder.  The 
reference  was  a  Corning  Ag-AgCl  general-purpose  electrode 
and  the  working  electrode  a  Cypress  Systems  glassy  carbon 
minielectrode.  Cyclic  voltammetry  measurements  were  done  in 
aqueous  solution  with  0.1  mol  dm"^  LiC104  as  the  supporting 
electrolyte  and  1.0  x  lO  '^  mol  dm“^  ruthenium(ii)  complex. 
The  pH  was  adjusted  by  adding  small  amounts  of  dilute  KOH. 
Volume  changes  were  negligible.  Cyclic  voltammograms  were 
obtained  at  many  different  pH  levels  ranging  from  2.42  to  9.90, 
with  a  scan  rate  of  200  mV  s"L 

Synthesis 

The  complex  [Ru(dmphen)2Cl2]  was  synthesized  as  previously 
described^  (Found:  C,  55.70;  H,  3.95;  N,  8.95.  Calc:  C,  55.45; 
H,  4.30;  N,  9.25%). 

The  complex  [Ru(dmphen)2(H20)2][PF6]2  was  synthesized 
by  a  modification  of  the  literature  procedures:^’^"  [Ru(dm- 
phen)2Cl2]  (0.5  g)  was  suspended  in  distilled  water  (200  cm^) 
and  then  heated  to  70  °C.  At  the  higher  temperature  water 
displaces  the  chloride  ligand  to  give  the  orange  diaqua  complex. 
A  saturated  NaPF^  solution  (50  cm^)  in  0.1  mol  dm“^  HPFg 
was  added  to  the  orange  solution,  which  was  then  cooled  in  an 
ice-bath  to  precipitate  the  product.  The  resulting  orange-red 
microcrystals  were  filtered  off,  rinsed  with  0.1  mol  dm  ^  HPFg 
solution,  and  then  with  water.  Rinsing  was  continued  until  the 
filtrate  was  free  of  chloride  (AgN03  test). 

Determination  of  the  oxidation  rate  of  [Ru(dmphen)2(H20)2]^^ 

The  rate  of  oxidation  of  [Ru(dmphen)2(H20)2][PF6]2  by 
H2O2  was  measured  by  placing  a  solution  (aqueous)  (3  cm^) 
containing  a  known  concentration  of  the  complex  (pH  3.3  for 
the  rate-law  study)  in  a  spectrophotometer  cell,  and  then  adding 
aqueous  hydrogen  peroxide  solution  (0.5  cm^).  The  cell  was 
capped,  shaken  thoroughly  to  ensure  complete  mixing  and  then 
placed  in  the  spectrophotometer.  The  ruthenium(n)  absorbance 
at  495  nm  was  determined  as  a  function  of  time  and  the  ionic 
strength  was  assumed  to  be  constant.  Experiments  demon¬ 
strated  that  a  ten-fold  increase  in  ionic  strength  by  addition  of 
KCl  does  not  significantly  alter  the  rates  and  that  addition  of  an 
excess  of  chloride  to  the  reaction  solution  does  not  alter  the 
reactant  complex  in  the  time  frame  of  the  experiments;  pH 
changes  in  the  reaction  with  H2O2  were  negligible. 
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In  order  to  determine  the  change  in  concentration  of 
ruthenium(ii)  a  correction  accounting  for  the  absorbance  of 
oxidized  ruthenium  species  was  made.  Ref.  6(6)  shows  that 
ruthenium(in)  is  first  formed  when  peroxide  is  added  to 
ruthenium(ii).  Ruthenium-(iv)  and  -(vi)  are  formed  sequen¬ 
tially  as  the  amount  of  added  peroxide  increases.  Isosbestic 
points  are  observed  for  each  step  and  molar  absorption 
coefficient,  e,  values  for  the  ruthenium-(ii)  and  -(iv)  species 
can  be  obtained  from  analysis  of  the  UV/VIS  data.  These  are 
6870  and  3540  dm^  moh^  cm"^,  respectively.  The  concentration 
of  ruthenium(ii)  and  the  approximate  rate  constants  result 
from  the  measured  absorbance,  A,  using  equation  (1),  where 


[Ru"],  = 


A  -  £,v[Ru“]i 


A^  =  absorbance  at  time  /,  [Ru"],  =  concentration  of 

ruthenium(?7’^)  at  time  t,  [Ru”]i  =  initial  concentration  of 
ruthenium(ii)  and  s„  =  molar  absorption  coefficient  of 
ruthenium(A?'').  Since  A,  =  [Ru“],8n  +  [Ru'^^lfSiv  and 
[Ru"]i  =  [Ru“],  +  [Ru‘^](,  combining  these  equations  gives 
A  =  [I^u"],(Sii  —  8iv)  +  [Ru"]i8,v  which  rearranges  to 
equation  (1). 


Results 

Three  separate  experiments  were  performed  to  characterize 
the  reactivity  of  the  [Ru(dmphen)2(H20)2]^'^  complex.  An 
electrochemical  study  was  performed  in  aqueous  solution  to 
determine  the  change  in  reduction  potentials  as  the  pH  was 
changed.  Similar  experiments  have  yielded  useful  insights  about 
the  reactivity  of  other  ruthenium  complexes.  A  pH 

titration  of  [Ru(dmphen)2(H20)2]^^  with  aqueous  potassium 
hydroxide  was  carried  out  to  determine  the  of  the  co¬ 
ordinated  water.  A  pH  titration  was  used  because  this  complex 
does  not  exhibit  large  pH -dependent  changes  in  the  UV/VIS 
spectrum.  The  reaction  of  the  ruthenium(ii)  cw-diaqua  complex 
with  hydrogen  peroxide  was  also  studied  and  an  empirical  rate 
law  determined. 


Electrochemistry 

Fig.  1  shows  a  typical  cyclic  voltammogram  for  the  complex  at 
pH  9.9.  While  the  separations  between  the  cathodic  and  anodic 
peaks  for  both  couples  between  0  and  1  V  are  slightly  greater 
than  60  mV,  the  equality  of  the  cathodic  and  anodic  peak 
currents  suggests  reversibility,  as 1.^^  Other  reports  of 
electrochemical  studies  with  a  glassy  carbon  electrode  on 
similar  complexes  reveal  quasi-reversible  or  irreversible 
couples.  The  Ru'" -Ru*'"  couple  was  irreversible. 


E  N  vs.  Ag-AgCI 

Fig.  1  A  typical  cyclic  voltammogram  for  the  [Ru(dmphen)2- 
(H20)]^'^  complex  at  pH  9.90.  Reversible  couples  at  0.55  and  0.85  V 
and  an  irreversible  reduction  at  1 .3  V  are  evident 


The  values  for  the  ruthenium  redox  couples  over  a  wide 
pH  range  are  shown  in  Table  1.  They  have  been  adjusted  to 
standard  reduction  potentials  by  adding  0.197  V  to  the  values 
obtained  with  the  Ag-AgCl  reference.^  These  are  reported  as 
reduction  potentials  for  a  1.0  x  lO  "^  mol  dm“^  solution  of  the 
metal  complex.  At  pH  ^5.8  oxidations  attributed  to  the  ii-iii, 
iii-iv  and  iv-vi  couples  are  observed.  At  lower  pH  values 
only  two  redox  steps  are  distinguished.  The  ii-iii  and  iv-vi 
couples  are  sensitive  to  pH  and  the  other  couples  are  relatively 
insensitive.  The  column  labelled  iv-ii  in  Table  1  refers  to  the 
value  where  the  iii-ii  and  iv-iii  couples  merge  into  one  peak. 

Electrochemical  measurements  of  [Ru(dmphen)2(H20)2]^'^ 
in  aqueous  solution  at  pH  <  3  have  been  previously  reported.^ 
We  were  not  able  to  see  the  clear  separation  of  the  iii-ii  and 
IV-III  oxidations  reported  at  low  pH  nor  did  we  observe  v-iv 
reduction.  The  reported  Ex  values  are  in  good  agreement  with 
ours  and  their  change  with  pH  will  be  discussed  subsequently. 

Titration 

The  solution  pH  changes  for  the  [Ru(dmphen)2{H20)2][PF6]2 
complex  as  it  was  titrated  with  standardized  KOH(aq)  solution, 
are  shown  in  Fig.  2.  The  curve  exhibits  two  inflection  points, 
one  at  the  addition  of  1  mol  of  KOH(aq)  per  mol  of  ruth¬ 
enium  complex  and  the  second  after  2  mol.  The  measured 
pA^a  values  are  4  and  6  for  the  sequential  deprotonation 
of  two  aqua  ligands.  The  first  conjugate  base  produced  is 
[Ru(dmphen)2(H20)(OH)]  ^  and  the  species  observed  after 
removal  of  the  second  proton  is  proposed  to  be  [Ru(dmphen)2- 
(0H)2].  The  small  change  in  the  UV/VIS  spectrum  with  pH 
does  not  permit  a  correlation  of  the  pAT^  values  to  direct  spectral 
changes. 

The  pATa  values  for  [Ru(dmphen)2(H20)2]^  are  much  lower 
than  those  reported  by  Meyer  and  Che  and  co-workers 
for  water  co-ordinated  to  other  ruthenium(ii)  centres  and  are 
closer  to  those  reported  by  Che  et  al  for  co-ordinated  water  in 
?ra«>y-diaquaruthenium(iii)  complexes.  Steric  problems  cause 
the  dmphen  ligand  to  be  more  weakly  bound,  making  the 
ruthenium  centre  more  electrophilic  and  binding  the  water 
more  strongly.  The  electrochemical  results  are  consistent  with 
more  weakly  bound  dmphen  ligands.  The  reduction  potentials 
for  high-valence  cw-dioxoruthenium(vi)  complexes  are  known 
to  be  higher  (by  over  200  mV)  than  those  of  the  trans  species. 
The  dmphen  complex  of  ruthenium  shows  an  unusually  high 
vi-iv  reduction  potential  compared  to  the  c«-bipyridine 
complexes  of  ruthenium.  Less  stabilization  of  the  high 
oxidation  state  indicated  by  the  electrochemical  results  is 
consistent  with  a  weak  interaction  between  the  ruthenium 
centre  and  the  dmphen  ligand. 

8 


6 

X 

D. 

A 


2 

Moles  KOH  added  per/mol  ruthenium  complex 

Fig.  2  Titration  curve  for  [Ru(dmphen)2(H20)2]^^  with  KOH  in 
water.  Note  the  inflection  points  which  give  pK^  values  for  the  co¬ 
ordinated  water  as  4  and  6 
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Table  1 

to  reflect 

The  £x  values  for  the  different  pH  levels  examined,  adjusted 
voltages  vs.  normal  hydrogen  electrode 

pH 

Ru"‘-Ru"  Ru^-Ru" 

Ru''^-Ru“‘ 

Ru'^'-Ru^^ 

9.90 

0.747 

— 

1.05 

1.52 

8.24 

0.747 

— 

1.05 

1.52 

7.12 

0.772 

— 

1.05 

1.52 

6.49 

0.847 

— 

1.05 

1.52 

5.78 

0.872 

__ 

1.05 

1.52 

5.19 

_ 

1.02 

1.52 

4.60 

— 

1.02 

— 

1.52 

3.74 

1.05 

— 

1.52 

3.09 

— 

1.06 

— 

1.60 

2.42 

— 

1.06 

— 

1.70 

Table  2  Results  of  initial  rate  measurements.  All  concentrations  are  in 
mol  dm-^  initial  rates  in  mol  [Ru^'^]  dm"^  s’^  Initial  rates  were 
determined  by  a  linear  regression  performed  on  the  data  from  the  first 
10  s  of  the  kinetic  runs.  In  all  cases  the  value  was  0.99  or  better. 


insuring  linearity 

Run 

[H2O2] 

10^  [Ru(dmphen)2(H20)2^'^] 

10”^  Initial  rate 

1 

0.066  0 

1.15 

19.0 

2 

0.026  4 

1.15 

9.85 

3 

0.010  6 

1.15 

4.15 

4 

0.005  77 

1.15 

2.24 

5 

0.002  1 1 

1.15 

1.05 

6 

0.026  4 

0.69 

6.55 

7 

0.026  4 

0.46 

3.50 

8 

0.026  4 

0.33 

2.15 

Oxidation  of  the  ruthenium  complex  by  hydrogen  peroxide 

The  spectral  changes  that  occur  in  the  reaction  between  the 
[Ru(dmphen)2(H20)2]^^  complex  and  hydrogen  peroxide  lead 
to  a  decrease  in  the  strong  absorbance  at  495  nm  for  the 
ruthenium(ii)  complex  in  aqueous  solution.^*’  The  initial  rates 
for  different  ruthenium  and  peroxide  concentrations  are  given 
in  Table  2.  The  initial  rate  is  expressed  as  the  decrease  in 
concentration  of  the  ruthenium(ii)  species  over  the  first  10  s 
of  the  reaction.  From  these  initial  rates,  the  empirical  rate 
law^  is  found  to  be  first  order  in  peroxide  and  ruthenium 
concentrations,  equation  (2),  where  A:  —  0.32  ±  0.04  dm^  mol 
s-'  at  23  °C. 

-d[Ru”]/d?  =  /:[Ru»][H202]  (2) 

The  reaction  of  [Ru(dmphen)2(H20)2]^^  with  hydrogen 
peroxide  was  observed  over  a  range  of  pH  values.  As  can  be 
seen  from  the  slopes  of  the  lines  in  Fig.  3,  the  initial  rate  of 
oxidation  changes  only  slightly  as  the  pH  changes.  The 
equilibrium  concentrations  of  aqua  and  hydroxo  species 
apparently  are  compensated  for  by  changes  in  the  concentra¬ 
tions  of  H2O2  and  H02"  leading  to  a  small  change  in  rate  with 
pH.  As  can  be  seen  in  Fig.  3,  when  the  pH  is  increased  from  3.33 
to  9.13,  the  net  loss  of  absorbance  at  495  nm  decreases 
substantially.  At  pH  ^  4  the  Ru"  is  almost  completely  oxidized 
to  Ru^‘.  However,  as  the  pH  increases  the  reaction  seems  to 
proceed  to  only  the  ruthenium(iv)  species.  The  conclusion 
about  the  species  formed  is  based  upon  the  values  for  £  obtained 
from  the  data  in  ref.  6b.  Since  the  molar  absorption  coefficient 
of  Ru^’^  is  between  those  of  Ru"  and  Ru^^  a  smaller  decrease  in 
absorbance  is  expected  when  Ru*'"  is  the  product. 

A  more  detailed  kinetic  analysis  of  the  time  dependence  of 
the  data  in  Fig.  3  would  involve  fitting  these  curves  by  rate 
constants  for  oxidation  and  reduction  reactions  of  all  the 
hydroxo-  and  oxo-ruthenium  species  present  at  each  pH.  The 
pK.^  values  for  higher-oxidation-state  complexes  would  also 
have  to  be  solved.  With  so  many  unknown  parameters,  the 
added  quantitative  insights  obtained  from  such  an  analysis 


Fig.  3  Kinetic  curves  for  ruthenium(ii)  oxidation  by  H2O2  at  different 
pH.  Note  the  similarity  of  initial  rates,  and  the  inability  of  the  peroxide 
completely  to  oxidize  the  complex  at  higher  pH  values 


about  the  species  involved  in  catalytic  reactions  are  limited  so 
the  data  fit  was  not  attempted. 

Discussion 

Metal  complex  activation  of  H2O2 

The  reactivity  of  H2O2  with  [Ru(dmphen)2(H20)2]''^  and  the 
ability  of  the  resulting  system  to  catalyse  substrate  oxidation 
is  governed  by  the  dependence  of  the  reduction  potentials  of 
the  metal  complex  and  hydrogen  peroxide  on  the  hydrogen- 
ion  concentration.  In  peroxide  activation  the  insights  from 
electrochemical  data  become  even  more  important  because 
hydrogen  peroxide  can  act  as  both  a  reductant  and  an  oxidant, 
as  shown  in  equations  (3)  and  (4). 

H2O2  +  +  2H^  ^  2H2O  +  (3) 

H2O2  +  +  2H^  (4) 

Peroxide  reduction  and  metal  oxidation,  equation  (3),  is 
involved  in  substrate  oxidation  by  Class  Itl  (metal  oxide  formed 
from  peroxides)  or  Class  V  (high-valent  metal-centred 
oxidants)  mechanisms.  One-electron  oxidation  can  be 
involved  in  some  Class  V  mechanisms  or  in  alkyl  peroxide 
decomposition  by  a  Class  IVa  (Fenton-type)  mechanism.  In  a 
Class  III  reaction  the  metal  undergoes  the  two-electron  change 
shown  in  equation  (3),  but  the  product  is  an  0x0  metal  complex. 
Catalysis  (or  peroxide  activation)  by  the  metal  complex  occurs 
when  the  oxidized  metal  complex,  peroxo  metal  or  0x0  metal 
species  is  kinetically  more  reactive  than  peroxide  in  the 
oxidation  of  substrate.  In  addition,  depending  on  the 
potentials,  the  oxidized  complex  may  oxidize  hydrogen 
peroxide  as  shown  in  equation  (4).  When  the  oxidized  and 
reduced  forms  of  a  given  metal  complex  catalyst  lead  to  both 
peroxide  reduction  and  oxidation  the  catalysed  decomposition 
of  hydrogen  peroxide  to  water  and  dioxygen  occurs. 

The  reduction  potentials  ^  ^  in  acidic  (pH  0)  aqueous  solution 
for  the  half-reactions  involving  hydrogen  peroxide  are  given  in 
equations  (5)  and  (6).  The  pH  dependences  of  these  potentials  (a 

O2  +  2H^  -h  2e-  H2O2;  0.695  V  (5) 

H2O2  +  2H  +  -h  2e -  ^  2H2O;  1 .776  V  (6) 

Pourbaix  plot),  as  calculated  by  the  Nernst  equation,  are  shown 
in  Fig.  4.  The  potential  for  peroxide  being  reduced  (Le.  the 
peroxide  half-reaction  when  it  oxidizes  the  transition-metal 
complex)  is  given  by  line  A.  The  reduction  potential  for  the  two- 
electron  reduction  of  O2  to  H2O2  is  given  by  line  B  in  Fig.  4. 

The  redox  considerations  presented  above  are  not  new.^"^ 
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Fig.  4  The  pH  dependence  of  the  half-reaction  potentials  for 
reduction  (A)  and  oxidation  (B)  of  hydrogen  peroxide 


Fig.  5  Comparison  of  the  ruthenium  reduction  potentials  (solid  lines) 
and  the  potentials  for  oxidation  and  reduction  of  hydrogen  peroxide 
(dashed  lines) 


However,  we  do  recommend  a  more  consistent  use  of  Fig.  4  as  a 
template  upon  which  metal  redox  potentials  can  be  plotted  to 
predict  the  reactivity  of  a  prospective  catalyst  with  hydrogen 
peroxide.  In  aqueous  solution,  metal  complexes  with  two- 
electron  reduction  potentials  falling  in  region  I  of  Fig.  4  will 
act  only  as  stoichiometric  oxidants,  because  even  hydrogen 
peroxide  is  not  strong  enough  an  oxidant  to  reoxidize  the 
reduced  form  of  the  metal  complex.  Metal  catalysts  with  two- 
electron  reduction  potentials  falling  in  region  II  of  Fig.  4  will 
activate  hydrogen  peroxide,  but  also  have  a  thermodynamic 
tendency  to  decompose  the  peroxide.  Those  falling  in  region  III 
will  not  decompose  hydrogen  peroxide,  and  will  produce 
relatively  mild  oxidants  that  activate  hydrogen  peroxide  with 
high  utilization  efficiency. 

Based  on  the  above  thermodynamic  considerations,  any 
metal  complex  which  utilizes  hydrogen  peroxide  to  produce  a 
high-oxidation-state  metal  complex  cannot  be,  on  thermody¬ 
namic  grounds,  both  as  strong  an  oxidant  as  hydrogen  peroxide 
and  also  efficiently  use  hydrogen  peroxide  in  aqueous  solution. 
Kinetic  factors  have  to  exist  that  slow  peroxide  reduction  of  the 
complex  in  order  to  obtain  an  efficient  catalyst. 

Fig.  4,  while  admittedly  simplistic,  also  explains  the 
behaviour  of  metal  oxidases.  Under  standard  conditions  O2  is 
not  able  to  oxidize  any  metal  complex  having  a  reduction 
potential  above  line  B  in  Fig.  4,  and  as  a  result  these  complexes 
cannot  participate  in  metal-catalysed  activation  of  O2.  If  a 
sacrificial  two-electron  reducing  agent  can  be  used  to  convert 
O2  into  H2O2,  any  metal  complex  with  a  reduction  potential 
below  line  A  in  Fig.  4  can  be  oxidized  and  can  function  as 
a  catalyst  for  substrate  oxidation.  These  thermodynamic 
considerations  explain  the  role  of  the  sacrificial  reducing  agent 
in  monooxygenase-type  systems.  Without  the  sacrificial 
reducing  agent  to  form  peroxide,  O2  is  not  able  to  oxidize  metal 
complexes  having  reduction  potentials  in  region  II  of  Fig.  4. 
These  considerations  have  general  applicability  for  eliminating 
metal  species  proposed  as  aqueous  oxidizing  agents  in  catalytic 
cycles.  Unfortunately,  the  necessary  redox  potentials  in  non- 
aqueous  solvents  are  not  available  to  permit  an  analysis  under 
these  conditions. 

pH  Dependence  of  peroxide  activation  by  [RuCdmphen),- 

In  this  section  the  discussion  presented  above  will  be  applied  to 
the  possibility  of  using  [Ru(dmphen)2(H20)2]^"^  as  a  catalyst 
for  substrate  oxidation  in  aqueous  solution.  Fig.  5  shows  the 
ruthenium  reduction  potentials  (indicated  by  solid  lines) 
superimposed  on  the  peroxide  potential  template  (dashed  lines) 
of  Fig.  5.  The  oxidation  of  ruthenium(ii)  to  ruthenium(iv)  by 
^2^2  js  spontaneous  at  all  pH  values  shown.  The  reduction 


potentials  for  the  Ru^^-Ru"  and  Ru‘"-Ru"  couples  are  both 
lower  than  that  of  hydrogen  peroxide,  but  still  high  enough  to 
be  in  region  II,  where  hydrogen  peroxide  decomposition  can 
occur.  As  we  get  to  higher  pH  levels  the  reduction  potential  of 
H2O2  is  too  low  {i.e.  H2O2  is  not  a  good  enough  oxidizing 
agent)  to  oxidize  ruthenium(iv)  to  ruthenium(vi).  The 
ruthenium(vi)  complex  is  formed  in  diminishing  amounts  as 
the  pH  rises  above  5.  This  chemistry  accounts  for  the  pH 
dependence  of  the  oxidation  of  [Ru(dmphen)2(H20)2]^^  by 
peroxide  shown  in  Fig.  3.  From  pH  5.5  to  9  the  absorbance 
decrease  is  attributed  to  the  formation  of  Ru*’^.  The  increase 
in  absorbance  with  time  after  150-200  s  above  pH  5.6  results 
from  the  reduction  of  ruthenium(iv)  to  ruthenium(ii)  by 
H2O2.  As  the  pH  decreases  below  5.6  the  amount  of  Ru'"^ 
formed  increases,  and  a  larger  decrease  in  absorbance  is  ob¬ 
served. 

In  catalysed  oxidations  with  this  complex^  efficient  use  of 
peroxide  results  from  a  slow  kinetic  pathway  for  peroxide 
oxidation/metal  reduction.  The  nucleophilic  oxygen  of  per¬ 
oxide  is  more  likely  to  displace  water  from  the  ruthenium(n) 
than  to  displace  aqua  or  hydroxo  ligands  from  the  ruthen- 
ium(iv)  complex  and  reduce  it.  The  aqua  and/or  hydroxide 
ligands  on  the  ruthenium(iv)  are  not  likely  to  be  removed 
when  it  is  oxidized  to  Ru'^'.  Rather,  it  is  likely  that  a  proton- 
coupled  electron  transfer  occurs  at  this  point.  Proton-coupled 
electron  transfer  has  been  seen  in  similar  complexes. 

Thus,  for  kinetic  reasons  the  ruthenium(n)  complex  is  oxidized 
faster  by  peroxide  than  the  ruthenium-(iv)  or  -(vi)  complex 
is  reduced. 

Conclusions  on  the  rates  of  competitive  reactions  cannot  be 
based  on  thermodynamic  considerations  alone.  For  example, 
the  potentials  (Fig.  5)  show  that  at  pH  3  the  reaction  of 
hydrogen  peroxide  with  ruthenium(iv)  is  spontaneous  to  form 
either  ruthenium-(ii)  or  -(vi).  The  reaction  of  the  ruthen- 
ium(iv)  complex  and  hydrogen  peroxide  to  form  the 
ruthenium(ii)  complex,  and  oxidize  peroxide,  is  favoured 
thermodynamically  over  the  reduction  of  the  peroxide  to  form 
the  ruthenium(vi)  complex.  However,  the  spectrophotometric 
studies  in  Fig.  3  show  that  the  reaction  to  form  the 
ruthenium(vi)  species  is  favoured.  Thus,  kinetic  factors  must 
facilitate  the  reaction  to  produce  ruthenium(vi). 

Applications  of  the  analysis  presented  above  in  catalytic 
oxidations  can  provide  insights  about  the  metal  oxidants 
generated  in  catalytic  cycles  for  peroxide  and  for  dioxygen 
activation  in  aqueous  solution.  If  the  reduction  potential  for 
metal  complex  oxidation  becomes  significantly  more  positive 
than  the  peroxide  or  dioxygen  reduction  potential,  substrate 
oxidations  through  Class  III  and  V  mechanisms  are  not 
possible.  If  substrate  oxidation  is  found  to  occur  a  Class  IV 
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mechanism  involving  nucleophilic  attack  on  a  co-ordinated 
peroxide  is  suggested.  The  metal  complex  must  remain  soluble 
for  these  considerations  to  be  relevant  and  this  is  often  a 
problem  at  higher  pH,  as  transition-metal  hydroxides  and 
oxides  often  form  under  basic  conditions. 

Oxidation  of  alkenes  by  [Ru(dmphen)2(soIv)2]^'*'  and  O2  (solv  = 
H2O  or  MeCN) 

The  epoxidation  of  alkenes  by  occurs  in  acetonitrile 
solution.^  In  the  absence  of  peroxides  the  reaction  has  a  24  h 
induction  period.  This  induction  period  is  eliminated  when  3 
equivalents  of  an  alkyl  hydroperoxide  or  hydrogen  peroxide  are 
added.  Previously  we  had  concluded  that  alkyl  hydroperoxide  is 
formed  in  the  induction  period,  and  this  reacts  to  form 
ruthenium{iv).  It  was  proposed  that  ruthenium(iv)  is  oxidized 
to  ruthenium(vi)  by  dioxygen  and  ruthenium(vi)  is  the 
oxygen-atom-transfer  agent.  The  addition  of  peroxides 
eliminated  the  induction  period  by  oxidizing  ruthenium(ii)  to 
ruthenium{iv). 

The  redox  considerations  presented  above  are  not  directly 
applicable  to  acetonitrile.  Sauvage  and  Collins  ^  report  that  the 
Ru"-Ru“  reduction  potential  for  [Ru(dmphen)2(solv)2]^'^ 
changes  from  1.0  V  in  water  to  1.7  V  in  MeCN.  Unfortunately, 
the  reduction  potentials  of  O2  in  most  non-aqueous  solvents  are 
not  known.  However,  in  view  of  the  high  reduction  potential  in 
aqueous  solution,  the  generation  of  ruthenium(vi)  by  O2  in 
non-aqueous  solutions  is  suspect.  The  following  scheme  can  be 
proposed  as  an  alternative  to  the  generation  of  a  ruthenium(vi) 
species.  Ruthenium{n)  is  oxidized  to  ruthenium(iii)  by  alkyl 
hydroperoxide  formed  slowly  in  the  induction  period  from 
alkene  autoxidation.  The  formation,  and  subsequent  decom¬ 
position,  of  the  alkyl  hydroperoxide  is  indicated  by  the  small 
amounts  of  ketone  and  alcohol  formed  during  the  induction 
period  when  the  alkene  epoxidation  is  carried  out  with  02-^" 
These  products  are  not  formed  after  the  induction  period. 
Radicals  formed  during  the  metal-catalysed  peroxide  decomp¬ 
osition  which  lead  to  ketone  and  alcohol  have  been  identified 
by  spin-trapping  experiments.  During  the  induction  period 
the  ruthenium(iii)  concentration  slowly  increases.  Once  a 
significant  concentration  of  ruthenium(iii)  forms  (probably 
containing  co-ordinated  water)  it  can  be  oxidized  to  the  0x0- 
ruthenium(iv)  species  by  dioxygen  in  acetonitrile  solvent. 
Nucleophilic  attack  on  an  alkene  by  Ru*^0  results  in  oxygen- 
atom  transfer  to  form  epoxide  and  reduction  of  the  metal  to 
ruthenium(ii).  The  ruthenium(ii)  complex  can  react  with 
ruthenium(iv)  to  produce  two  ruthenium{iii)  complexes  which 
then  react  with  dioxygen  to  produce  oxoruthenium(iv).  The 
reaction  becomes  catalytic  after  the  required  steady-state 
concentration  of  ruthenium(iii)  forms.  This  mechanism  is 
shown  in  Scheme  1 . 


Conclusion 

The  complex  [Ru(dmphen)2(H20)2]^'^  undergoes  a  reaction 
with  hydrogen  peroxide  which  is  first  order  in  both  ruthenium 
and  peroxide  concentration.  At  pH  >  4  the  acidic  protons  of 
the  aqua  ligands  are  neutralized  (pXg  ^  ^)-  The  electro¬ 

chemical  experiments  confirm  this  transformation  by  showing 
breaks  in  the  plot  of  E:l  vs,  pH  at  the  deprotonation  pH  values. 
The  pA^a  values  illustrate  the  weak  binding  of  the  dmphen 
ligand  and  the  high  partial  positive  charge  on  the  ruthenium 
centre  in  this  complex.  Kinetic  studies  of  the  reaction  of  the 
ruthenium  complex  with  H2O2  show  that  significant  amounts 
of  the  active  cw-dioxoruthenium(iv)  complex  are  not  formed 
above  pH  5. 

Fig.  4  is  proposed  as  a  template  upon  which  substrate  and 
metal-ion  potentials  can  be  superimposed  to  predict  and  explain 
the  reactivity  of  hydrogen  peroxide  with  a  transition-metal 
complex  in  aqueous  solution.  As  with  any  thermodynamic 


Scheme  1  An  alternative  mechanism  for  oxidation  of  alkanes  and 
alkenes  with  the  [Ru(dmphen)2(H20)2]^''’  complex  in  the  presence  of 
H2O2  and  O2 


argument,  the  only  certain  prediction  about  reactivity  is  that 
reactions  with  large  positive  free  energies  will  not  occur. 
The  inability  of  [Ru(dmphen)2(H20)2]^'^  to  form  [Ru- 
(dmphen)202]^'^  by  reaction  with  hydrogen  peroxide  in 
aqueous  solution  at  higher  pH  levels  is  described  using  this 
template.  The  procedures  discussed  can  be  used  to  screen 
transition-metal  complexes  as  peroxide-activation  catalysts  in 
aqueous  solutions  of  different  pH.  When  free-energies  are 
applied  in  aqueous  solution  under  other  than  standard 
conditions  or  in  non-aqueous  solvents,  qualitative  estimates 
of  the  influence  of  these  conditions  on  the  relevant  potentials 
must  be  made. 
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Abstract:  For  the  first  time,  high-field  FT-NMR  spectra  of  an  adsorbate  inside  a  porous  solid  exhibits  multiple 
resonances  corresponding  to  different  sites.  Frequency  shift,  Tu  and  T2  measurements  as  a  function  of  adsorbate 
concentration  support  the  assignment  of  these  resonances  to  probe  molecules  in  solution  and  in  pores  of  various 
sizes  within  the  solid.  Resolution  of  the  bands  and  combination  of  the  NMR  intensities  with  the  adsorption  isotherm 
lead  to  an  unprecedented  amount  of  detail  about  the  distribution  of  the  adsorbate  in  the  solid  pores  as  a  function  of 
probe  concentration  (see  Figures  5  and  6).  The  detection  of  separate  resonances  by  NMR  is  referred  to  as  pore- 
resolved  NMR  porosimetry  to  distinguish  this  method  from  NMR  analyses  based  on  extracting  information  from  a 
single  resonance  of  an  adsorbed  probe  molecule. 


Introduction 

The  adsorptive  properties  of  porous  materials  have  been 
employed  to  separate  and  purify  liquids  and  gases.  Recent  woric 
from  this  laboratory  has  shown  the  advantage  of  porous  solids 
when  used  as  catalyst  supports.*  For  these  applications  a 
fundamental  understanding  of  gas-solid  and  liquid— solid 
equilibria  is  relevant.  Investigations  of  gas— solid  equilibria  in 
porous  carbonaceous  adsorbents  showed  that  the  adsorption 
isotherms  required  different  equilibrium  processes  involving 
surface  adsorption  and  multilayer  adsorption  to  fit  the  data.^ 
This  work  was  later  extended  to  investigate  the  competitive 
adsorption  of  probe  molecules  from  dilute  solutions.^ 

In  all  of  the  above  work,  the  process  at  low  adsorbate 
concentrations  is  attributed  to  surface  adsorption  in  the  smaller 
pores.  Pores  in  supports  have  been  divided  into  three  groups 
by  lUPAC.  Micropores  are  those  pores  that  are  <20  A  in 
diameter.  Mesopores  are  those  that  are  between  20  and  500  A 
in  size.  Macropores  are  defined  as  pores  with  diameters  larger 
than  500  A."*  Micropores  adsorb  molecules  with  significantly 
larger  adsorption  energies  than  do  meso-  or  macropores  due  to 
superimposed  interaction  potentials  from  opposite  surfaces 
within  the  pore.^*^  Everett  and  PowF  calculated  interaction 
energies  as  a  function  of  pore  size  based  on  the  Lennard- Jones 
potential  model.  In  cylindrical  pores  of  sizes  that  are  five 
adsorbate  diameters  or  less,  the  model  predicts  increasing 
adsorption  energies  with  decreasing  pore  size.  Preferential 
micropore  adsorption  occurs  because  of  these  higher  adsorption 
energies. 
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The  above  studies  employed  the  classical  method  for  char¬ 
acterizing  porous  materials  through  the  use  of  adsorption 
isotherms.  This  technique  only  provides  information  about  the 
number  of  different  processes  required  to  describe  the  isotherm. 
In  order  to  better  understand  the  adsorptive  properties  of  these 
solids,  it  would  be  useful  to  have  a  spectral  measure  of  the 
distribution  of  the  probe  in  the  various  micro-,  meso-,  and 
macropores  at  various  probe  concentrations.  This  work  de¬ 
scribes  an  NMR  method  that  leads  to  a  direct  observation  of 
the  role  of  the  various  pores  of  carbonaceous  adsorbents  in  the 
preferential  adsorption  of  one  component  from  a  dilute  binary 
solution. 

Nuclear  magnetic  resonance  (*H-NMR)  has  been  used 
extensively  to  investigate  solid— solute  interactions.  In  early 
work,  two  'H-NMR  signals  were  reported  for  water  in  contact 
with  Dowex  50W  ion-exchange  resin.®  One  peak  was  shown 
to  be  exterior  water  while  the  second  peak  was  water  inside 
the  resin.  'H-NMR  has  also  been  used^  to  study  water  in  various 
hydrated  aluminas.  The  NMR  line  widths  of  the  protons  were 
a  function  of  surface  area  as  measured  by  N2  adsorption  and 
the  fraction  of  hydroxyl  groups  on  the  surface  could  be  estimated 
from  the  width  of  the  *H-NMR  lines.  A  series  of  gels  and 
macroreticular  (highly  ordered)  ion-exchange  resins*®  **  in  water 
showed  in  all  cases  only  a  single  broad  peak  for  water  in  the 
resin  and  a  second  peak  for  external  water.  Broadened 
resonances  corresponding  to  only  a  single  interior  site  for  probe 
molecules  adsorbed  by  carbons  have  been  reported.*^ 

The  last  decade  has  seen  the  report  of  a  large  body  of  work 
using  *^^e,  and  proton  NMR.*^  The  xenon  probe  experi¬ 
ences  large  shifts  that  are  very  sensitive  to  the  xenon  environ¬ 
ment.*^*^  The  majority  of  the  research  in  this  area  involves 
study  of  zeolites,  silica  gel,  and  porous  glasses.  *"*  Recent  reports 
describe  extensions  of  xenon  NMR  to  porous  carbonaceous 
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materials.*^  In  all  of  these  studies  a  single  resonance  is  observed 
for  the  adsorbed  probe  molecule.  Lx)w-field  FT-NMR  and 
magnetic  resonance  imaging  have  also  been  employed’^  to  give 
pore  size  information  on  silica  gels  and  porous  glasses. 

In  the  work  that  will  be  described  here,  it  will  be  shown  that 
for  the  first  time  a  conventional  high-field  FT-NMR  procedure 
gives  rise  to  multiple  signals  for  an  adsorbate  inside  different 
size  pores  of  a  solid  adsorbent.  Exchange  of  the  adsorbate 
between  the  different  pores,  as  well  as  between  the  solution 
and  the  solid  pores,  is  shown  to  be  slow  on  the  NMR  time  scale. 
Integration  of  the  signals  provides  quantitative  information  about 
the  distribution  of  the  probe  in  the  pores  of  the  solid. 

Experimental  Section 

Materials.  Probes  and  solvents  were  acetonitrile,  dichloromelhane, 
benzene,  and  carbon  tetrachloride.  All  liquids  were  freshly  distilled 
and  stored  over  4  A  sieves  to  prevent  contamination  from  H^O. 

Ambersorb  572  (lot  2125)  (A-572)  was  provided  to  us  by  Rohm 
and  Haas  Company  (Philadelphia,  PA)  as  1  mm  diameter  beads.  The 
beads  were  soxhlet  extracted  with  methanol  for  12—24  h,  dried  in  a 
vacuum-oven  overnight  at  higher  than  1 10  ®C,  and  stored  in  a  capped 
vial.  The  same  results  were  obtained  when  higher  temperatures  (200 
®C)  are  used  to  dry  the  beads.  When  wet  beads  are  used  in  an  NMR 
experiment,  water  is  displaced  and  appears  as  a  separate  resonance  at 
low  field.  Addition  of  water  increases  the  intensity  of  this  peak.  The 
solids  were  periodically  placed  in  the  vacuum-oven  overnight  to  insure 
that  water  was  not  picked  up  during  handling  and  standing. 

NMR  Measurements.  Approximately  0.22  g  of  A-572  was 
precisely  measured  into  a  standard  NMR  tube.  A  1.00-mL  aliquot  of 
a  known  concentration  of  probe  in  CCU  was  then  pipeted  over  the  solid. 
The  entire  sample  was  shaken  vigorously  and  allowed  to  settle  and 
equilibrate  for  1  day  with  occasional  agitation  unless  otherwise  noted. 
The  tube  was  tapped  until  no  trapped  air  was  evident  in  and  around 
the  beads.  The  *H-NMR  spectrum  of  the  solution  inside  and  surround¬ 
ing  the  solid  was  then  obtained  using  a  Varian-300  MHz  NMR 
instrument.  The  tube  was  filled  so  that  the  solid  filled  the  probe  coil. 
The  sweep  width  was  set  to  12  000  Hz  with  the  placement  of  0  ppm 
set  by  an  external  lock.  In  all  spectra,  256  transients  were  acquired 
and  the  sample  tube  was  not  spinning  unless  otherwise  noted.  All 
spectra  were  obtained  at  ambient  pressure  and  unless  otherwise  noted 
at  ambient  temperature. 

The  spectra  contain  overlapping  peaks  and  these  were  resolved  into 
individual  components  to  determine  peak  areas.  The  spectra  were 
digitized  using  the  program  UN-PLOT-IT.'’  The  spectra  were  decon- 
voluted  using  Lorentzian  curves  and  a  linear  base  line  with  the  program 
PeakFit,^®  Various  initial  estimates  of  the  amplitude,  frequency  shift, 
and  peak  widths  converged  to  the  same  final  spectra.  Validity  of  the 
fitting  procedure  is  provided  by  the  constancy  of  the  frequency 
components  comprising  a  series  of  very  different  shaped  spectra  at 
different  concentrations  (see  Figure  2). 

The  T]  relaxation  times  were  measured  using  the  standard  proce¬ 
dure.^^  These  measurements  were  made  on  all  samples  studied. 
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Measurements  at  several  frequencies  in  a  given  resolved  band  produced 
the  same  T\  within  experimental  error  as  those  measured  and  reported 
at  the  resolved  band  maximum.  This  is  not  unexpected  in  view  of  the 
similarity  of  the  Tj’s  for  micro-  and  mesopores. 

The  Ta  relaxation  times  (s)  were  approximated  by  converting  the 
half  width  at  half  height  of  the  curve  resolved  peaks  (wi/a,  ppm)  to 
seconds  using  eq  1.  Temperature  dependent  studies  indicate  the  system 
is  the  fast  exchange  region  where  eq  1  is  applicable. 


"  :rw,/2(300MHz) 

Adsorption  Measurements.  The  equilibrium  acetonitrile  solution 
concentrations  were  quantified  using  a  Hewlett-Packard  HP  5890  A-FID 
gas  chromatograph  outfitted  with  an  RSL-160  30  m  x  0.32  mm  id 
capillary  column  from  Alltech.  The  equilibrium  concentrations  of  the 
benzene  solutions  were  determined  from  UV/vis  spectra  (A  =  260  nm) 
in  0.1 -cm  quartz  UV  cells  in  a  Perkin-Elmer  Lambda  6  UVAHS 
spectrophotometer. 

The  total  number  of  moles  of  probe  adsorbed  per  gram  of  A-572,  n, 
was  calculated  using  eq  2  where  C\  is  the  initial  probe  concentration 
(mol/L),  Ceq  is  the  equilibrium  probe  concentration  (mol/L),  V  is  the 
volume  of  solution  added  (mL),  and  m  is  the  mass  of  adsorbent  (g). 


(Cj  -  C,q)V(0.001  L/mL) 


(2) 


Total  adsorption  isotherms  were  obtained  by  plotting  n  vs  Ceq.  Best 
fit  curves  were  drawn  through  the  total  adsorption  isotherm.  Contribu¬ 
tions  to  the  adsorption  isotherms  from  the  different  pores  were  obtained 
by  multiplying  the  curve  resolved  fractional  peak  area  by  the  total  moles 
of  probe  adsorbed,  Wtoia],  as  shown  in  eq  3.  The  value  of  nioui  was  the 
n  from  the  best  fit  line  to  eq  2. 


(3) 


Results  and  Discussion 

Adsorbents,  Adsorbates,  and  Solvent  N2  porosimetry  was 
carried  out  on  the  carbonaceous  adsorbent  A-572  to  afford  a 
comparison  to  other  materials.  The  results  are  summarized  in 
Table  1.  The  plot  of  pore  volume  distribution  was  bimodal 

Table  1.  N2  Porosimetry  of  A-572‘' 


surface  area  (mVg)  1 160 


pore  volume  (mL/g) 

micropore  0.43 

mesopore  0.28 

macropore  0.21 


°  The  solids  were  characterized  as  follows:  Surface  area  and  pore 
volume  data  were  obtained  from  the  N2  isotherm  at  77  K  using  a 
Micromeritics  ASAP  2000  instrument.  Surface  areas  were  determined 
using  a  five-point  Brunauer— Emmett— Teller  (BET)  calculation.  Mi¬ 
cropore  volumes  were  determined  using  the  Harkens-Jura  t-plot  model 
with  thickness  parameters  from  3.5  to  5  A.  The  Barren- Joyner- 
Halerda  (BJH)  adsorption  curve  was  used  for  calculating  meso-  and 
macropore  volumes.  Macropore  volumes  are  determined  by  diffaence. 
All  calculations  were  carried  out  as  described  in  the  Micromeritics 
ASAP  2000  instrument  manual. 

with  very  few  pores  in  the  40—100  A  region.  The  large 
mesopore— macropore  range  encompassed  a  range  of  100—900 
A  with  the  maximum  at  f^580  A.  These  results  should  be 
considered  in  the  context  of  recent  reports  discussing  the 
inadequacy  of  the  BET  method  for  microporous  solids.*^ 

(20)  Drago,  R.  S.  Physical  Methods  in  Chemistry',  W.  B.  Saunders 
Publishing:  Philadelphia,  PA.  1992. 

(21)  Drago,  R.  S.;  Hirsch,  M.  S.;  Ferris,  D.  C;  Chronistcr,  C.  W.  / 
Chem.  Soc.  Perkin  Trans.  2,  1994,  219. 
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Table  2.  Summary  of  Solutes  and  CCU  and  Physical  Properties® 


probe  liquid 

mw  (g/mol) 

polarizability*  (S^) 

dipole  moment  (D) 

molar  volume  (mL/mol) 

A/fv(kcal/mol) 

S'" 

r.^s) 

6‘'(ppm) 

CH3CN 

40.05 

4.40 

3.92 

52.2 

7.3 

3.00 

4.25 

2.15 

CeHa 

78.11 

10.3 

0 

89.4 

7.35 

1.73 

4.91 

7,29 

CH2CI2 

84.93 

6.48 

1.60 

64.0 

6.74 

2.08 

5.29 

5.32 

ecu 

153.82 

10.5 

0 

96.5 

7.12 

1.49 

®  Lange's  Handbook  of  Chemistry,  I3th  ed.;  McGraw-Hill:  New  Yoric»  1985.  All  data  are  from  this  source  unless  otherwise  specified.  *  Handbook 
of  Chemistry  and  Physics,  71st  ed.;  CRC  Press:  Boca  Raton,  FL,  1991.  See  reference  21.  Obtained  from  this  work.  In  CCU  solution  relative 
to  internal  TMS. 


Figure  1.  'H  NMR  spectra  of  CH3CN  in  CCU  over  A-572.  Initial 
solution  probe  concentrations  are  shown.  The  intensity  scale  increases 
with  increased  probe  concentration. 

In  this  study,  the  distributions  of  three  probe  molecules 
between  the  carbonaceous  adsorbent  and  solutions  in  carbon 
tetrachloride  were  studied  by  'H-NMR.  Since  CCI4  is  a 
nonpolar,  poorly  solvating  solvent,  solute— solvent  interactions 
are  minimized  and  the  CCl4*”Solid  dispersion  interactions  remain 
constant  when  the  probe  is  changed.  Therefore,  we  are  able  to 
compare  the  donor,  acceptor,  dispersion,  and  polarity  properties 
which  influence  the  adsorption  potential  of  the  different  probes. 
Using  CCI4  as  the  solvent  has  the  added  advantage  that  no 
protons  interfere  with  the  ^H-NMR  spectrum  of  the  probe 
molecule.  In  addition,  each  probe  only  has  equivalent  protons 
producing  a  singlet  in  the  solution  ^H-NMR  spectrum.  The 
relevant  physical  properties  of  the  probes  and  solvent  are 
summarized  in  Table  2. 

Qualitative  ^H-NMR  Analysis.  The  *H-NMR  spectra  for 
0.2,  0.6,  and  1.2  M  solutions  of  acetonitrile,  benzene,  and 
dichloromethane  in  CCI4  solutions  inside  and  surrounding  the 
carbonaceous  adsorbent,  A-572,  are  presented  in  Figure  1—3. 
The  resolution  of  the  spectra  into  the  minimum  number  of 
components  required  to  fit  the  observed  spectra  is  also  illustrated 
by  the  smooth  solid  lines.  It  should  be  emphasized  that  the 
intensities  are  relative  and  the  absolute  intensity  increases  with 
increasing  concentration  of  each  probe.  For  this  reason,  the 
small  peak  at  highest  field  disappears  at  high  concentration. 
Furthermore,  CH2CI2  has  fewer  protons  per  unit  volume  of 
solvent  and  gives  a  smaller  signal-to-noise  ratio  than  the  other 


Figure  2.  NMR  spectra  of  benzene  in  CCU  over  A-572.  Initial 
solution  probe  concentrations  are  shown. 

probes.  This  leads  to  difficulty  in  separating  the  large  pore  and 
solution  resonances  in  the  more  concentrated  solution.  In  the 
most  dilute  solution,  the  peak  observed  at  lowest  field  is  assigned 
to  CH2CI2  in  the  largest  pores.  A  summary  of  the  frequency 
shift,  Tu  and  T2  values  for  the  resolved  signals  of  the  three 
adsorbed  probes  is  given  in  Table  3  along  with  the  peak 
assignments  (vide  infra).  It  is  significant  to  note  that  the 
difference  in  the  frequency  shift  of  the  free  and  large  pore 
resonances  is  1.4  i:  0.4  ppm  for  all  three  probes.  The  free  and 
the  medium  pore  resonances  differ  by  5.9  ±  0.5  ppm  for  all 
three  probes.  The  free  and  less  shifted  small  pore  resonances 
differ  by  9.6  ±  0.3  ppm.  Since  acetonitrile  and  benzene  are 
common  donor  molecules  and  CH2CI2  is  a  common  acceptor 
molecule,^^  these  results  suggest  that  the  solid  environment  and 
not  donor— acceptor  interactions  gives  rise  to  the  shifts.  This 
conclusion  is  in  agreement  with  literature^®  *^  interpretation  of 
the  broadening  mechanism. 

The  observation  of  separate  resonances  in  the  NMR  indicates 
that  the  exchange  of  molecules  between  the  sites  corresponding 
to  these  resonances  is  slow  on  the  NMR  time  scale.  This  is 
confirmed  by  the  temperature  independence  of  the  spectra  over 
20  to  60  and  the  absence  of  off-diagonal  peaks  in  a  COSY 
spectrum  accumulated  for  8  h.  Thus,  the  rate  of  exchange 
between  pores  is  slowed  by  the  probe  access  to  the  pores  from 

(22)  Drago,  R  S.  Applications  of  Electrostatic-Covalent  Models  in 
Chemistry,  Surfside  Scientific  Publishing:  P.O.  Box  13413,  Gainesville, 
FL  32604,  1994. 
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Figure  3.  'H  NMR  spectra  of  CH2a2  in  CCU  over  A-572.  Initial 
solution  probe  concentrations  are  shown. 

Table  3.  Peak  Assignments  for  Adsorption  of  0.6  M  Probes  from 
CCU  by  A-572  _ _ 


probe  peak  shift  (ppm)  T\  (s)  10^  (s)  assignment 


CH3CN 

1.9 

1.5 

18 

“free” 

0.4 

1.5 

11 

large  pores 

-4.6 

0.4 

6.3 

medium  pores 

-7.5 

-11.9^ 

0.3 

0.3 

4.4 1 

small  pores 

benzene 

6.9 

2.1 

13 

“free” 

5.2 

1.5 

8.8 

large  pores 

1.0 

0.6 

5.6 

medium  pores 

-2.7 

-10.5 

0.7 

0.6 

3.5  1 
1.4  J 

small  pores 

CH2CI2 

4.4 

1.0 

12 

“free” 

3.5 

0.7 

8.8 

large  pores 

-1.0 

0.3 

5.8 

medium  pores 

-5.5 

-10.0 

0.1 

0.1 

3.91 

1.9/ 

small  pores 

"  From  Ci  =  0.2  M  CH3CN  experiment.  *  The  NMR  spectra  are 
temperature  independent  over  the  range  20-60  *^0  suggesting  the 
system  is  in  the  fast  motional  narrowing  limit. 

solution.  The  different  frequency  shift,  Tu  and  Tj  values  for 
the  same  probe  molecule  inside  the  porous  solid  arise  from  fast 
exchange  of  weakly  bound  surface  molecules  with  those  in  the 
liquid-like  multilayer  of  the  different  size  probes.  Acetonitrile 
in  the  micropores  will  have  a  larger  shift  and  shorter  T\  and  T2 
than  acetonitrile  in  the  macropores  because  the  averaging  in 
the  micropores  involves  a  greater  fraction  of  surface-bound 
physisorbed  molecules  than  the  averaging  in  the  macropores. 
As  the  pore  becomes  larger,  the  averaging  involves  fewer 
surface-bound  molecules  and  the  shifts,  Ti,  and  T2  approach 
those  of  the  liquid.  This  interpretation  leads  to  the  assignment 
of  the  upfield  peaks  to  probe  in  the  smallest  pores.  The 
downfield  peak  arises  from  probe  in  the  large  pores  and  the 
middle  peak  from  probe  in  the  medium  pores. 

The  quantitative  interpretation  of  the  magnitudes  of  the  shifts, 
Ji,  and  T2  is  complicated  by  the  inhomogeneity  of  surface  and 
pore  volumes  which  comprise  the  micropores,  mesopores,  or 


macropores.  Surface  sites  of  different  binding  strength  would, 
under  fast  exchange  conditions,  average  in  different  6,  Tu  and 
T2  values.  If  there  were  any  strong  binding  sites  that  do  not 
exchange,  they  would  not  be  detected  in  the  NMR.  The 
distribution  of  pore  volumes  contributing  to  the  peak  assigned 
to  each  small  pore,  medium  pore,  or  large  pore  also  influences 
<5,  Tu  and  Ti-  Each  peak  is  comprised  of  overlapping 
components  with  slightly  different  ratios  of  surface  bound  and 
multilayer  probe  molecules.  The  inhomogeneity  of  surface  sites 
and  pore  volumes  does  not  impact  on  the  conclusions  to  be 
drawn,  and  is  implied  in  our  use  of  the  terms  micropore, 
mesopore,  and  macropore  volumes.  The  novel  aspect  of  the 
NMR  spectra  obtained  in  this  study  is  the  demonstration  of  gaps 
in  the  spectra  which  correspond  to  low  concentrations  or  no 
pores  of  certain  dimensions.  This  permits  an  easily  measured, 
unambiguous  view  of  the  role  of  these  pores  in  the  adsorption 
process.  The  concentration  dependence  of  the  spectra  for 
acetonitrile,  benzene,  and  methylene  chloride  will  be  seen  to 
provide  further  support  for  the  spectral  assignments. 

Concentration  Dependence  of  the  Acetonitrile  Spectra. 
The  high-resolution  ^H-NMR  spectrum  of  acetonitrile  as  the 
probe  molecule  in  CCI4  in  contact  with  A-572  is  shown  in  Figure 
1.  The  observation  of  separate  peaks  for  different  pores 
indicates  that  the  exchange  of  probe  molecules  from  one  type 
of  pore  to  another  must  be  slow  on  the  NMR  time  scale. 
Temperature  variation  showed  little  change  in  the  NMR 
spectrum  over  the  range  of  20  to  60  °C  indicating  that  interpore 
exchange  makes  no  contribution  to  the  line  width  and  that  the 
width  is  dominated  by  intrapore  exchange.  The  experimental 
spectrum  consists  of  two  very  broad  signals  with  shoulders 
which  curve  resolve  into  4  or  5  smaller  signals.  Though 
significant  changes  in  the  spectra  occur  with  probe  concentra¬ 
tion,  it  is  gratifying  that  curve  resolution  gives,  for  all  the  spectra 
of  a  given  probe,  peaks  with  about  the  same  frequency  shifts 
that  differ  mainly  in  their  relative  intensities.  The  frequency 
shifts,  72’ s,  and  relative  areas  of  the  resolved  peaks  as  a  function 
of  probe  concentration  are  given  in  Table  4  for  the  three  probes. 
The  peak  assignments  are  borne  out  by  the  concentration- 
dependent  studies  shovm  in  Figure  1.  The  downfield  peak  in 
the  acetonitrile  spectra  is  resolved  into  two  components.  The 
sharper  component  and  more  downfield  peak  in  each  resolved 
spectrum  (1.9  ppm)  appears  where  expected  for  acetonitrile  in 
solution  and  is  assigned  to  “free”  acetonitrile  in  the  bulk  CCI4 
solution  surrounding  the  solid.  The  slightly  broader  component, 
upfield  by  about  1.4  ppm  from  the  solution  CH3CN  resonance, 
is  assigned  to  probe  molecules  in  the  large  pores.  These  “large 
pores”  probably  include  macropores  and  large  mesopores  of  the 
adsorbent.  Since  these  pores  are  quite  large,  most  of  the 
molecules  in  a  given  pore  are  in  an  environment  similar  to  that 
in  solution.  As  a  result,  this  signal  is  shifted  the  least,  T2  is 
similar  to  that  of  the  solution  peak  in  the  sample,  and  little 
change  is  observed  in  Ti.  The  concentration  dependence  of  the 
intensity  of  this  peak  is  consistent  with  this  assignment.  The 
relative  intensity  of  this  peak  continues  to  increase  with  probe 
concentration  at  all  concentrations  employed. 

The  second  large,  broad  up-field  peak  contains  shoulders 
indicating  that  there  are  actually  two  or  possibly  three  peaks 
under  a  common  envelope.  Curve  resolution  of  the  0.2  M 
spectrum  places  the  peaks  at  -4.8  and  -7.6  ppm  with  a 
contribution  from  a  peak  at  —  1 1 .9  ppm  which  is  resolved  only 
at  low  probe  concentrations.  At  low  concentration  (Figure  1), 
this  broad  most  upfield  peak  and  a  larger  peak  at  -7  ppm 
develop  first.  As  the  CH3CN  concentration  is  increased  over 
the  A-572,  the  peak  at  —4  ppm  becomes  larger  than  the  signal 
at  —7  ppm.  The  peak  at  —1 1.9  ppm  in  the  0.2  M  solution  is 
masked  by  the  peak  at  —7  ppm  at  higher  probe  concentrations. 
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Table  4.  Summary  of  Frequency  Shifts,  r2’s,  and  Relative  Areas 
from  ‘H-NMR 


cone 

frequency  shift 

10*  T: 

relative  area 

probe  (M) 

(ppm) 

(s) 

{%) 

CH3CN  0.2 

1.9 

24 

1.2 

0.4 

9.8 

5.8 

-4.8 

4.6 

25.1 

-7.6 

4.4 

62.5 

-11.9 

5.1 

5.5 

0.6 

1.9 

18 

4.9 

0.4 

11 

8.2 

-4.6 

6.3 

37.1 

-7.4 

4.4 

49.8 

1.25 

1.8 

14 

13.1 

0.3 

11 

14.4 

-4.4 

8.1 

41.0 

-6.7 

4.1 

31.5 

benzene  0.2 

8.6 

16 

0.8 

6.9 

6.8 

9.9 

0.3 

3.8 

11.2 

-2.7 

3.5 

59.1 

-9" 

1.2 

19.0 

0.6 

6.9 

13 

12.5 

5.2 

8.8 

13.5 

1.0 

5.6 

18.5 

-2.7 

3.5 

46.4 

-11" 

1.4 

9.1 

1.25 

7,1 

12 

17.4 

5.5 

8.0 

20.7 

1.6 

8.5 

16.9 

-2.3 

3.0 

32.8 

-14" 

1.4 

12.1 

CH2CI2  0.2 

4.4 

7.9 

12.9 

-1.0 

3.4 

28.8 

-5.5 

4.1 

41.7 

-10.3 
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"These  peaks  are 

very  broad  and  the  frequency  shifts  are  not 

accurately  known. 

T\  measurements  indicate  that  these  up-field  peaks  relax 
times  faster  (^=^0.4  s)  than  the  signals  assigned  to  the  probe  in 
the  solvent  and  large  pores  (1.5  s). 

The  concentration  dependence  of  the  T\  and  Ti  values 
supports  the  peak  assignments.  The  Ti  value  (half  width  at  half 
height)  for  the  smallest  pores  (-7  ppm)  is  nearly  the  same  at  all 
concentrations  (43  x  lO'^^s).  This  suggests  that  the  micropores 
are  essentially  filled  at  0.2  M  so  the  fraction  of  surface-bound 
molecules  to  multilayer  molecules  remains  constant  in  0.2— 
1.25  M  solutions.  Our  previous  analyses^-^  also  assigned  highest 
adsorption  equilibrium  constants  to  surface  adsorption  within 
the  smallest  accessible  pores  of  the  solid.  On  the  other  hand, 
the  Tj  values  for  the  peik  at  —4.6  ppm  assigned  to  the  medium 
pores  increases  from  4.6  x  10“^  to  6.3  x  10"**  to  8.1  x  10“^ 
s  as  the  concentration  is  increased  from  0.2  to  0.6  to  1.25  M. 
This  is  expected  behavior  for  incomplete  filling  of  the  mesopores 
at  low  concentration.  Since  the  fraction  of  surface-bound 
molecules  in  the  pore  decreases  as  the  amount  of  liquid-like 
CH3CN  in  the  multilayer  is  increased,  the  average  T2  increases 
and  the  half  width  at  half  height  decreases. 

The  large-pore  behavior  leads  to  different  spectral  changes 
than  adsorption  in  the  medium  pores.  The  T2  values  for  the 
three  probes  are  10.7  x  10“^  ±  0.8  x  10“^  sec  and  increase 
only  slightly  in  going  from  0.2-1.25  M  CH3CN.  The  surface 
area  of  the  large  pores  is  a  very  small  fraction  of  the  total  solid 


surface  area.  Therefore,  at  all  probe  concentrations  the  number 
of  surface-bound  probe  molecules  in  the  large  macropores  is 
small  compared  to  the  number  that  are  involved  in  multilayer 
adsorption.  As  such,  the  short  Ti  associated  with  surface-bound 
CH3CN  has  only  a  small  effect  on  the  mole  fraction  averaged, 
measured  line  width.  Increasing  the  CH3CN  concentration  up 
to  3  M  shows  that  the  intensities  of  the  small  pore  and  medium 
pore  peaks  reach  a  maximum  while  the  solution  and  large  pore 
resonances  increase  in  intensity  with  increasing  molarity. 

The  interpretation  of  the  concentration  dependence  of  the 
frequency  shift  parallels  that  of  the  T2  values.  Rapid  exchange 
of  surface-bound  and  multilayer  molecules  produces  a  mole 
fraction  averaged  frequency  shift.  This  leads  to  the  largest 
upfield  shift  for  molecules  in  the  micropores.  There  is  a  slight 
concentration  dependence  on  the  frequency  shift  for  the  various 
pores.  The  resonance  for  each  pore  type  is  shifted  less  with 
increasing  concentration,  and  this  is  consistent  with  incomplete 
filling  of  the  pores  at  low  adsorbate  concentration. 

All  three  probes  (CH3CN,  CeHa,  and  CH2CI2)  give  rise  to 
similar  differences  in  the  shifts  of  the  solution  resonances  and 
that  in  the  different  small,  medium,  or  large  pores.  This 
dependence  on  pore  size  suggests  that  the  shift  differences  arise 
from  the  diamagnetic  susceptibility  contribution  of  the  solid 
surface  to  surface-bound  molecules.  The  mole  fraction  averag¬ 
ing  of  this  shift  and  the  more  liquid-like  multilayer  shift  gives 
rise  to  different  frequency  shifts  for  different  size  pores  because 
of  the  differences  in  the  ratios  of  multilayer  and  surface-bound 
molecules.  The  diamagnetic  contribution  is  expected  to  be 
similar  for  donor  (CH3CN,  C6H6)  and  acceptor  (CH2CI2) 
molecules.^^  The  observation  of  similar  shifts  for  all  three 
probes  indicates  a  minor,  if  any,  donor— acceptor  contribution 
to  die  shift.  This  absence  could  arise  from  weak  donor- 
acceptor  properties  for  the  solid,  or  from  such  a  small 
concentration  of  donor  or  acceptor  sites  that  their  average 
contribution  to  the  observed  shift  is  negligible.  Thus,  the 
principal  mechanism  leading  to  the  observation  of  different 
resonances  is  the  diamagnetic  contribution  to  the  surface-bound 
molecules  from  the  walls  of  the  pores. 

The  interpretation  of  the  spectra  obtained  for  CH3CN  in 
A-572  is  consistent  with  the  nitrogen  porosimetiy  studies  (Table 
1)  indicating  a  bimodal  distribution  of  pore  dimensions.  Gaps 
exist  in  which  there  are  few  or  no  pores  of  intermediate  size. 
The  *H-NMR  spectra  show  three  distinct  groups  of  pores.  The 
gap  separating  the  two  broad  signals  corresponds  to  a  group  of 
pores  of  intermediate  size  in  which  few  or  no  pores  exist.  If 
there  were  a  continuous  distribution  in  this  range  of  pore 
dimensions,  a  single  broad  peak  would  result  in  the  ’H-NMR. 
The  NMR  explanation  given  above  suggests  that  in  each  group 
of  pores,  minor  changes  in  the  size  of  the  pores  would  contribute 
to  the  width  of  the  observed  peaks  because  the  ratio  of  the 
surface-bound  and  multilayer  molecules  changes  with  size. 

Concentration  Dependence  of  the  Benzene  Spectra.  Figure 
2  shows  the  results  for  the  concentration  dependence  of  the 
adsorption  of  benzene  by  A-572  from  CCI4  solvent.  Each 
spectrum  contains  two  very  broad  signals  similar  to  that 
observed  for  CH3CN.  These  two  broad  signals  are  also  curve 
resolved  into  five  smaller  signals.  The  sharpest  and  most 
downfield  signal  (7  ppm)  has  a  frequency  shift  near  that 
expected  for  benzene  in  solution  and  is  attributed  to  benzene 
in  the  bulk  CCU  solution  surrounding  the  solid.  The  next  peak 
upfield  (5.2  ppm)  is  slightly  more  broad  than  the  solution  signal, 
and  it  is  assigned  to  the  signal  of  benzene  in  the  macropores 
and  large  mesopores  of  the  solid  (large  pores).  Consistent  with 
the  data  for  CH3CN,  the  signal  is  only  slightly  shifted  with  some 
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Figure  4.  ’H  NMR  of  0.6  M  benzene  in  CCU  in  contact  with  powdered 
glass. 

broadening  {T2  decreases)  and  little  change  in  Ti  (2.1  s  for  free; 
1.5  s  for  large  pore). 

The  large,  broad  upheld  peak  consists  of  three  curve-resolved 
signals  at  1.0,  -“2.7,  and  ^10.5  ppm.  The  concentration 
dependence  spectra  for  the  1 .0  and  —2.7  ppm  peaks  show  the 
same  behavior  as  observed  for  CH3CN,  and  hence  the  inter¬ 
pretation  of  the  frequency  shifts  Ti,  and  T2  values  indicates 
benzene  being  preferentially  adsorbed  by  the  micropores.  The 
peak  at  —10.5  ppm  is  so  broad  that  its  maximum  cannot  be 
accurately  determined. 

In  order  to  assess  the  influence  of  solid  particles  on  the  field 
homogeneity,  a  series  of  experiments  were  also  carried  out  using 
quartz  obtained  from  powdering  an  NMR  tube.  As  shown  in 
Figure  4,  the  spectrum  of  0.6  M  benzene  in  CCU  in  the  presence 
of  the  crushed  quartz  glass  does  not  shift  the  signal.  The  signal 
is  broadened  from  field  inhomogeneity  associated  with  not 
spinning  the  sample  tube.  In  addition,  the  T]  measurements  of 
benzene  around  the  crushed  glass  gave  a  value  of  4.5  s  whether 
the  sample  tube  is  spinning  or  not.  This  value  is  comparable 
to  the  solution  T]  value  (4.9  s)  and  more  than  two  times  the 
largest  T\  measured  for  benzene/CCU  surrounding  A-512.  The 
observations  of  smaller  T\  values,  increased  line  widths,  and 
smaller  Ti  values  for  benzene  adsorbed  by  A-572  compared  to 
crushed  glass  indicate  the  spectra  for  the  former  are  not  an 
artifact  of  the  experimental  procedure. 

Concentration  Dependence  of  the  Dichloromethane  Spec¬ 
tra.  The  ^H-NMR  spectra  of  dichloromethane,  a  hydrogen 
bonding  probe  molecule,  are  presented  in  Figure  3  and  are 
similar  to  those  of  benzene  and  acetonitrile.  The  frequency  shift, 
Ji,  and  Ti  values  for  the  various  signals  are  summarized  in 
Tables  3  and  4.  The  peak  assignments  are  consistent  with  those 
made  for  benzene  and  CH3CN.  The  upfield  peak  again  is  two 
or  three  signals  at  —1.0,  -5.5,  and  —10.0  ppm.  The  signal  at 
— 10.0  ppm  is  masked  by  the  other  peaks  at  higher  concentration, 
and  the  peaks  at  —1.0  and  —5.5  ppm  grow  relative  to  one 
another  as  observed  for  CH3CN  and  benzene  with  increasing 
concentration.  The  downfield  peak  was  curve  resolved  into  two 
signals  for  0.6  M  CH2CI2  in  CCI4  in  contact  with  A-572.  In 
the  cases  of  0.2  and  1.25  M  CH2CI2  solution,  the  free  CH2CI2 
peak  and  the  macropore  peak  are  not  separated.  The  frequency 
shift  of  the  macropore  resonance  is  the  same  as  is  the  resonance 
for  free  CH2CI2;  however,  the  T2  values  suggest  assignment  of 
a  component  of  the  resonance  to  CH2CI2  in  the  macropores. 

Adsorption— ^H-NMR  Experiments  for  Acetonitrile.  In 
order  to  determine  the  number  of  moles  of  adsorbate  in  the 
various  pore  types,  a  total  adsorption  isotherm  was  measured 
for  adsorption  of  the  probe  from  CCI4.  In  every  case,  the  ratio 
of  volume  (1.00  mL)  of  probe  solution  to  mass  (0.220  ±  0.002 


Figure  5.  Adsorption  of  CH3CN  from  CCI4  by  the  different  size  pores 
in  A572.  Solution  equilibrium  probe  concentrations  are  given  on  the 
abscissa. 

g)  of  A-572  was  constant  so  that  adsorption  data  from  all 
samples  could  be  directly  compared.  A  best  fit  line  was  drawn 
through  the  total  adsorption  isotherm  in  which  the  total  number 
of  moles  of  probe  adsorbed  was  calculated  using  eq  2.  The 
curve-resolved  areas  from  *H-NMR,  Table  4,  were  then  used 
with  the  best  fit  isotherm  curve  to  calculate  the  fraction  of  probe 
molecules  in  each  pore  type  as  in  eq  3.  This  procedure  presents 
for  the  first  time  a  direct  measure  of  the  components  of  the 
adsorption  isotherm  by  the  different  pores. 

Figure  5  shows  the  adsorption  isotherms  for  adsorption  of 
CH3CN  from  CCI4  by  the  pores  of  A-572.  Results  are  presented 
for  samples  equilibrated  for  2  h  and  1  day.  The  total  adsorption 
capacity  is  approached  at  longer  time  and  higher  concentrations. 
The  number  of  moles  of  CH3CN  adsorbed  by  the  large  pores 
and  medium  pores  increases  with  adsorbate  concentration  as 
expected  from  the  NMR  data  shown  in  Figure  1  and  with 
equilibration  time.  Furthermore,  the  number  of  moles  of 
adsorbate  in  the  medium  and  large  pores,  for  a  given  equilibrium 
concentration,  increases  with  time.  For  example,  at  Ceq  =  0.5 
M,  the  number  of  moles  of  CH3CN  adsorbed  by  the  large  pores 
increases  from  0.05  to  0.15  mmol  per  gram  of  A-572  in 
changing  the  equilibration  time  from  2  h  to  1  day.  The  number 
of  moles  of  CH3CN  adsorbed  by  the  medium  pores  increases 
from  0.17  mmol  per  gram  of  solid  after  2  h  to  0.4  mmol  per 
gram  of  solid  after  1  day.  The  adsorption  process  involves 
displacing  CCU  from  pores  large  enough  to  hold  it. 

The  data  in  Figure  5  show  that  after  1  day  of  contact  at  Ccq,soi 
=  0.06  M  CH3CN,  0,71  mmol  of  CH3CN  were  adsoibed  per 
gram  of  A-572.  Of  this  total  amount  adsorbed,  0.49  mmol  CH3- 
CN  (68%)  were  adsorbed  by  the  small  pores,  0.18  mmol  CH3- 
CN  (25%)  were  adsorbed  by  the  medium  pores,  and  0.04  mmol 
of  CH3CN  (6%)  were  adsorbed  by  the  large  pores.  At  Ccq,soi 
from  0.17  to  0.71  M,  the  number  of  moles  CHsQJ  adsorbed 
by  the  small  pores  (0.72  mmoles;  0.038  mL)  is  relatively 
constant,  whereas  the  number  of  moles  CH3CN  adsoibed  by 
the  medium  and  large  pores  increases  with  increasing  equilib¬ 
rium  concentration.  Consistent  with  the  2  h  equilibration  data, 
the  fraction  of  CH3CN  molecules  adsorbed  in  the  medium  pores 
increases  more  significantly  than  in  the  large  pores  over  this 
concentration  range.  This  is  shown  in  Figure  5  and  Table  4 
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Figure  6.  Adsorption  of  benzene  from  CCU  by  the  different  size  pores 
in  A572.  Solution  equilibrium  probe  concentrations  are  given  on  the 
abscissa. 

where  the  relative  area  of  the  large  pore  resonance  increases 
from  5.8%  to  14,4%  (A%  =  8,6%).  Over  the  same  concentra¬ 
tion  range,  the  relative  area  of  the  medium  pore  resonance 
increases  from  25.1%  to  41.0%  (A%  =  15.9%). 

Although  the  *H-NMR  spectrum  of  CH3CN  inside  and 
surrounding  A-572  is  dependent  on  changes  in  bead  packing  in 
the  NMR  tube,  these  errors  do  not  affect  the  adsorption  studies. 
In  cases  where  the  beads  are  not  packed  as  tightly,  there  is  more 
“free  solution”  surrounding  the  beads  and  this  signal  becomes 
more  intense  in  the  measured  spectrum.  However,  curve 
resolution  of  the  spectra  would  give  the  same  values  for  the 
relative  peak  areas  for  the  resonances  assigned  to  the  small, 
medium,  and  large  pores.  Since  the  total  amount  of  probe 
adsorbed  is  determined  from  the  adsorption  measurement,  the 
amount  of  probe  molecule  adsorbed  by  the  different  pore  types 
is  only  dependent  on  these  relative  areas. 

Consider  the  adsorption  after  2  h  of  contact  time.  The 
capacity  of  the  small  pores  decreases  with  increasing  concentra¬ 
tion.  This  is  not  consistent  with  the  NMR  conclusion  in  which 
the  small  pores  were  considered  essentially  filled  even  at  0.2 
M  CH3CN.  At  high  adsorbate  concentrations,  in  which  a 
significant  fraction  of  the  molecules  are  adsorbed  by  the  medium 
and  large  pores,  errors  associated  with  the  curve-resolution 
technique  of  the  most  shifted  resonances  of  the  small  pores 
increases.  At  low  concentrations,  a  significant  portion  of  the 
small  pore  peak  area  and  the  total  peak  area  comes  from  the 
very  broad  resonance  at  -“12  ppm.  As  shown  in  Figure  1,  this 
signal  is  not  resolved  at  higher  concentration  and  since  it  is  so 
broad,  some  of  this  peak  area  may  be  associated  with  the  signal 
for  the  medium  pores  (—5  ppm).  This  leads  to  an  underestima¬ 
tion  of  the  small  pore  adsorption  capacity  and  an  overestimation 
of  the  medium  pore  capacity.  It  is  likely  that  the  isotherm  for 
small  pore  adsorption  is  constant  rather  than  decreasing  with 
increasing  concentration.  At  an  equilibrated  concentration  of 
0.2  M  CH3CN.  the  small  pores  are  filled. 

Adsorption— *H“NMR  Experiments  for  Benzene.  Figure 
6  presents  the  adsorption  isotherm  for  benzene  from  CCI4  by 
the  pores  of  A-572.  The  samples  were  equilibrated  for  1  day. 
Figure  6  shows  the  total  adsorption  isotherm,  as  well  as  the 
adsorption  isotherms  calculated  for  each  pore  type.  The  total 
adsorption  isotherm  indicates  that  the  adsorbent  has  not  reached 


its  capacity  for  benzene  even  at  the  highest  concentration 
studied.  Tliis  isotherm  has  a  shape  similar  to  one  obtained  for 
adsorption  of  benzene  from  cyclohexane.^  Interestingly,  the 
number  of  moles  of  benzene  adsorbed  by  the  small  pores  is 
relatively  constant  and  increases  only  slightly  over  the  concen¬ 
tration  range  studied.  This  is  in  contrast  to  the  data  for  CH3- 
CN  in  which  the  isotherm  for  the  small  pores  decreases  with 
increasing  adsorbate  concentration.  For  benzene,  the  small  pore 
region  of  the  spectrum  was  curve  resolved  into  two  components 
for  all  solution  concentrations  used.  In  this  case,  there  is  no 
underestimation  of  the  adsorption  by  the  small  pores  as  in  the 
case  of  CH3CN.  The  capacity  of  the  small  pores  is  reached 
very  quickly  (0.04  mmol  of  C6H6  per  gram  of  A-572;  0.004 
mL).  Hence,  even  at  0.2  M  initial  benzene  concentration,  most 
of  the  benzene  is  adsorbed  by  the  medium  pores  (0.05  mmol 
of  C6H6  per  gram  of  A-572).  The  number  of  moles  adsorbed 
by  the  medium  pores  and  large  pores  increases  at  the  same  ratio 
with  increasing  benzene  concentration  up  to  about  Ccq.soi  =  0,8 
M.  At  higher  concentrations,  the  amount  of  benzene  going  into 
the  medium  pores  relative  to  the  large  pores  decreases  as  the 
medium  pores  become  filled  to  capacity. 

The  preferential  adsorption  of  benzene  from  CCI4  is  rational¬ 
ized  as  follows.  Both  have  the  same  polarizability.  There  are 
no  dipole  forces  involved  in  either  case.  However,  in  addition 
to  benzene  having  a  larger  AHv,  it  also  has  a  larger  solvent 
polarity  parameter,  Apparently,  the  smaller  size  and  shape 
lead  to  larger  nonspecific  interactions. 

Conclusions 

Frequency  shift,  T\,  and  T2  data  as  a  function  of  the  amount 
of  adsorbate  are  used  to  assign  different  resonances  in  the  *H- 
NMR  spectra  of  adsorbates  in  porous  solids  to  different-size 
pores.  A  procedure  is  reported  whereby  an  adsorption  isotherm 
can  be  decomposed  into  components  for  different  pores.  These 
results  (Figures  5  and  6)  provide  an  unprecedented  degree  of 
detail  about  the  distribution  of  adsorbates  in  the  pores  of  the 
adsorbent.  Preferential  adsorption  of  a  probe  molecule  from  a 
dilute  solution  in  CCI4  solvent  by  the  small  pores  occurs  first. 
Upon  increasing  the  probe  concentration,  the  *H-NMR  signals 
attributed  to  probe  molecules  in  the  small  and  medium  pores 
reach  a  maximum,  and  the  signals  associated  with  the  large  pores 
and  “free”  probe  increase. 

There  are  several  important  applications  of  pore-resolved 
NMR  porosimetry.  Our  N2  porosimetry  measurements  were 
not  able  to  resolve  the  pores  below  40  A  into  the  bimodal 
distribution  of  pore  sizes  found  by  NMR  porosimetry.  More 
extensive  and  expensive  software  is  required  to  gain  this 
information.  Another  advantage  of  NMR  porosimetry  is  that 
probe  molecules  of  size  comparable  to  those  used  in  practical 
applications  can  be  used  to  get  a  more  relevant  measure  of  the 
adsorptive  capacity  of  the  pores  in  a  porous  solid.  Applications 
in  which  pore  blockage  leads  to  a  bonded  adsorbent  or  dead 
catalyst  can  also  be  studied  by  pore-resolved  NMR  porosimetry. 
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Equilibria  involving  three  probe  gases  adsorbed  on  two  porous  carbonaceous  supports  are  measured  at  various 
temperatures.  A  novel  analysis  of  the  data  is  offered  which  uses  multiple  process  equilibria  to  calculate 
adsorption  equilibrium  constants  for  the  interaction  of  the  gas  with  the  solid.  Equilibria  involving  three 
distinct  processes  are  found.  The  equilibrium  constants  and  are  obtained  as  well  as  the 

capacity  of  the  solid  for  each  type  of  process  (ni,  n2>  and  na),  in  millimoles  of  adsorptive  per  gram  of  solid. 
The  first  process,  involves  adsorption  of  the  gas  in  the  solid’s  micropores  which  are  of  molecular 
dimensions.  The  second  process,  involves  adsorption  in  the  larger  micropores.  The  third  process, 
involves  adsorption  by  the  remaining  surface.  Multilayer  formation  is  likely  involved  in  some  processes. 
The  temperature  dependencies  of  the  produce  the  enthalpy  of  adsorption  for  these  processes.  This 
analysis  is  important  for,  in  contrast  to  BET  analyses,  it  provides  Aermodynamic  data  for  different  adsoiptives 
that  can  be  interpreted  in  terms  of  those  molecular  properties  that  facilitate  probe— solid  interactions  and  can 
provide  a  quantitative  definition  of  solid  reactivity. 


Introduction 

Porous  supports  have  been  used  in  this  laboratory  to  prepare 
a  variety  of  catalysts.’  This  work  has  shown  that  in  addition 
to  surface  area,  the  porosity  and  p)ore  size  distribution  of  the 
solid  are  important  properties.  The  pores  of  the  solid  tend  to 
concentrate  reactants  in  the  vicinity  of  the  supported  catalyst, 
and  this  increase  in  reactant  concentration  can  increase  the 
reactivity.  Preferential  adsorption  of  one  of  the  reactants  over 
another  or  preferential  adsorption  of  the  products  over  the 
reactants  can  inhibit  the  reaction  by  preventing  access  of  the 
needed  reactants  to  the  catalytic  site.  For  catalytic^  and  other 
applications  of  porous  solids,  an  understanding  of  gas— solid 
equilibria  and  a  quantitative  measure  of  the  solid’s  adsorption 
strength  are  essential  for  the  rational  selection  of  solid  materials. 

Gas— solid  equilibria  involve  three  types  of  interactions: 
absorption,  chemisorption,  and  physisorption.  We  are  concerned 
with  the  latter  and  will  include  in  our  use  of  the  term 
physisorption  the  process  referred  to  as  reversible  chemisorption. 
In  the  absence  of  specific  interactions,  the  force  of  attraction 
for  physisorption  of  nonpolar  gases  (e.g.,  N2,  Ar,  and  CH4) 
involves  mainly  London  dispersion  interactions.^^®  The  disper¬ 
sion  energy  is  a  function  of  r“®,  where  r  is  the  surface— molecule 
distance,^  and  is  also  dependent  on  the  polarizability  of  the  gas 
molecule  and  the  support.^  Polar  gas  molecules  have  contribu¬ 
tions  from  these  forces  but  are  dominated  by  electrostatic 
interactions  which  are  less  sensitive  to  the  distance  from  the 
surface^  and  are  a  function  of  r“^.  The  electrostatic  force  is 
particularly  important  on  electrically  conducting  supports  such 
as  graphite  when  the  adsoiptive  molecule  has  an  inherent  dipole 
moment.*^  Dispersion  and  electrostatic  forces  between  adsorp¬ 
tive  molecules  also  govern  the  interactions  in  multilayer 
adsorption.® 

In  addition  to  the  above  interactions  of  gaseous  molecules 
with  flat  surfaces,  the  porosity  of  the  solid  has  a  pronounced 
influence  on  gas— solid  adsorption  equilibria.  There  are  three 
processes  which  may  be  present  in  a  physisorption  isotherm: 
micropore  filling,  monolayer -multilayer  adsorption,  or  capillary 


’  Present  address:  ENSCO,  Inc.,  445  Pineda  Cl,  Melbourne.  FL  32940. 
*  Abstract  published  in  Advance  ACS  Abstracts.  January  1,  1996. 


condensation.^  Pores  in  supports  have  been  divided  into  three 
groups  by  lUPAC.  Micropores  are  those  pores  that  are  less 
than  20  A  in  diameter.  Mesopores  are  those  that  are  between 
20  and  500  A  in  size.  Macropores  are  defined  as  pores  with 
diameters  larger  than  500  A.  Micropores  adsorb  molecules  with 
significantly  larger  adsorption  energies  than  do  mesopores  or 
macropores,  due  to  superimposed  interaction  potentials  from 
opposite  surfaces  within  the  pore’  ’®  as  shown  in  Figure  1. 
Everett  and  Powl”  calculated  interaction  energies  as  a  function 
of  pore  size  based  on  the  Lennard- Jones  potential  model.  In 
cylindrical  pores  of  five  adsorptive  diameters  or  less,  the  model 
predicts  increasing  adsorption  energies  with  decreasing  pore  size. 
Adsorption  of  molecules  occurs  preferentially  in  the  micropores 
because  of  these  higher  adsorption  energies.  Furthermore,  if 
the  temperature  is  less  than  the  critical  temperature  of  the 
adsorptive,  capillary  condensation  is  possible  in  pores  that  are 
larger  than  four  adsorptive  diameters. 

Adsorption  measurements  usually  are  interpreted  with  the 
BET  equation:’^ 

n(l-J0  Cn^ 

where  X  =  P/P°  and  P  is  the  equilibrium  pressure  in  Ton  and 
P^  is  the  saturation  pressure  in  Ton.  The  values  of  nm  and  C 
are  obtained  from  the  linear  best  fit  plot  of  X/[n{l  —  X)]\sX 
where  n  is  the  number  of  moles  adsorbed.  The  equation  is 
typically  applied  over  the  relative  pressure  range,  P/P®,  of  0.05- 
0.3.  At  lower  pressures,  the  high  adsorption  potential  from 
micropore  filling  causes  this  equation  to  predict  too  little 
adsorption.  At  higher  pressures,  multilayer  adsorption  is  usually 
prevalent.  The  BET  model  predicts  too  much  adsorption  at 
these  pressures.  The  BET  constant  C  is  a  complex  quantity 
related  to  the  ratio  of  equilibrium  constants  for  monolayer 
adsorption  and  multilayer  adsorption,  along  with  contributions 
from  the  enthalpy  of  adsorption  of  the  monolayer  and  multilayer. 
Literature  attempts  to  interpret  C  have  led  to  different  propos¬ 
als.’^  This  equation  has  b^ome  the  standard  for  surface  area 
determinations,  usually  with  nitrogen  at  77  as  the  adsorptive.® 
The  purpose  of  this  article  is  to  offer  a  complimentary  method 
for  the  analysis  of  adsorption  data.  The  goal  of  this  analysis  is 
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Figure  1,  Adsorption  Potential  in  micropores.  (A)  A  pore  that  is  2 
adsorbate  diameters  in  width;  (B)  a  pore  that  is  3  adsorbate  diameters 
in  width;  (C)  a  pore  that  is  4  adsoibate  diameters  in  width.  Positive 
“Y”  is  a  repulsive  force,  and  negative  “Y’*  is  an  attractive  force. 

to  obtain  thermodynamic  data  for  the  interaction  of  the 
adsorptive  molecule  with  the  stronger  and  more  readily  acces¬ 
sible  binding  sites  in  the  porous  carbonaceous  solid.  As  a  result, 
we  are  most  interested  in  fitting  data  at  low  pressures  and  which 
equilibrate  in  minutes. 

This  study  employs  carbonaceous  supports  containing  a 
distribution  of  micropores,  mesopores,  and  macropores.  Orig¬ 
inally,  carbonaceous  adsorbents  were  prepared  by  pyrolysis  of 
naturally  occurring  organic  polymer  sources  including  petroleum 
coke,*^  anthracite  coal,  wood  char,  pitch,  coconut  husks, 
compacted  peat  moss,  etcJ^  Recently,  materials  have  been 
synthesized  by  pyrolysis  of  functionalized  macroreticular  poly¬ 
mer  resin  beads  leading  to  high  pore  volumes  of  specific 
dimensions  within  the  final  pyrolyzcd  solid. Molecular  sieving 
properties  of  these  carbonaceous  supports  have  been  demon¬ 
strated  and  studied  as  a  function  of  pore  size  distributions 
obtained  using  different  pyrolysis  temperatures  and  activation 
treatments. 
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nitrile),  PPAN,  and  Ambersorb  Adsorbent  572.  were 

obtained  from  the  Rohm  and  Haas  Co.  The  supports  were 
desorbed  under  a  vacuum  of  <  1 0“^  Toir  at  200  T  for  at  least 
8  h  before  adsorption  data  were  obtained. 

Characterization  of  Supports.  Carbon,  hydrogen,  and 
nitrogen  analyses  (CHN)  were  performed  by  the  University  of 
Florida  elemental  analysis  laboratory.  Surface  area  and  pore 
volume  data  were  obtained  from  the  N2  isotherm  at  77  K  using 
a  Micromeritics  ASAP  2000  Instrument.  Surface  areas  were 
determined  using  a  five-point  Brunauer-Emmett-Teller  (BET) 
calculation.*^  Micropore  volume  was  determined  using  the 
Harkins— Jura  r-plot  model  with  thickness  parameters  from  5.5— 
9.0  A.*®  The  Bairett-Joyner— Halenda  (BJH)  adsorption  curve 
was  used  for  calculating  meso-  and  macropore  volumes.*’  All 
calculations  were  carried  out  as  described  in  the  Micromeritics 
ASAP  2000  Instrument  manual. 

Adsorption  Measurements.  The  uptake  of  gases  by  the  two 
solids  was  measured  using  the  Micromeritics  ASAP  2000  Chemi 
system.  In  a  standard  experiment,  a  sample  was  placed  into  a 
glass  container  sealed  to  the  apparatus  via  Viton  0-rings  and 
degassed  overnight  at  200  °C  under  vacuum.  Following  a 
minimum  of  8  h  of  desorption,  adsorption  measurements  were 
taken.  The  free  space  was  determined  using  helium.  The 
assumption  is  made  that  helium  is  a  nonadsorbing  gas  for  our 
supports  and,  therefore,  determines  the  volume  above  the  sample 
as  well  as  the  dead  volume  within  the  sample.  Free  space, 
adsorbed  gas  volumes,  and  equilibration  intervals  were  calcu¬ 
lated  as  outlined  in  the  Micromeritics  ASAP  2000  Chemi 
reference  manual.^*  The  system  was  considered  to  be  at 
equilibrium  when  the  pressure  change  per  unit  time  interval  (10 
5)  was  less  than  0.01%  of  the  average  pressure  during  the 
interval.  All  adsorptions  were  reported  at  values  between  0.1 
and  760  Torr  because  we  are  interested  in  the  applications  of 
these  materials  at  median-to-ambient  relative  pressures.  Ad¬ 
sorption  isotherms  were  obtained  at  temperatures  ranging  from 
75  to  —93  ®C  by  immersing  the  sample  tube  into  a  Dewar  filled 
with  various  liquid  N2/solvent  mixes  or  ice  water  or  by  covering 
the  sample  tube  with  a  heating  mantle.  The  measured  fluctua¬ 
tion  in  temperature  was  never  greater  than  ±1  ®C. 

Two  experiments  were  performed  in  which  PPAN  was 
desorbed  at  1 10  and  200  ®C,  respectively,  prior  to  measurement 
of  the  adsorption  isotherm.  Interestingly,  the  number  of  moles 
of  N2  adsor^d  at  P/P®  equals  1  by  the  1 10  ®C  degassed  sample 
(0.31  iiunol/g  of  PPAN)  was  less  than  that  adsorbed  by  the  200 

sample  (0.36  mmol/g  of  PPAN).  Higher  desorption  tem¬ 
peratures  or  lower  degassing  pressures  are  required  to  empty 
the  smaller  micropores.  However,  use  of  too  high  a  temperature 
can  lead  to  changes  in  the  nature  of  the  adsorbent.  Furthermore, 
any  higher  affinity  small  micropores  not  emptied  at  200  ®C  are 
irrelevant  for  kinetic  reasons  in  most  catalytic  and  separation 
applications.  For  these  reasons,  we  have  selected  a  200  ®C 
pretieatment  for  the  comparison  of  adsorptives  and  solids  studied 
here. 

Results  and  Discussion 

Equilibrium  Analysis.  The  measured  isotherms  were  ana¬ 
lyzed  using  an  equilibrium  model  derived  by  analogy  to  a 
multiple-site  Langmuir-type  adsorption  model.  The  resulting 
equation  (eq  2)  is 


Experimental  Section 

Gases  and  Supports.  The  gases  He  and  N2  (99.99%  purity) 
were  procured  from  Liquid  Air,  Inc.  The  gases  CO  and  CO2 
(99.99%)  were  purchased  from  Matheson  Gas  Co.  All  gases 
were  used  without  further  purification.  Pyrolyzed  poly(acrylo- 


n 


tot 


1  ^/.ads^alm 


(2) 


where  is  the  total  number  of  millimoles  of  gas  adsorbed 
per  gram  of  solid,  is  the  available  capacity  for  process  /  in 
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millimoles  per  gram  of  solid.  is  the  adsorption  equilibrium 
constant  for  process  /,  and  Pum  is  the  equilibrium  gas  pressure 
in  atmospheres.  The  n,  and  Ki,^^  values  were  determined  using 
a  modified  simplex  routine  designed  to  solve  cq  2  for  a  series 
of  equilibrium  gas  pressures.  In  using  eq  2.  the  minimum 
number  of  processes,  i,  needed  to  obtain  a  good  fit  of  the 
adsorption  isotherm  are  used.  As  discussed  in  our  earlier 
report^^  of  the  cal~ad  method,  a  very  shallow  minimum  results 
in  the  solution  of  the  series  of  simultaneous  equations  that  arise 
from  even  a  two*process  fit  of  adsorption  data  for  ^2.»ds» 
«!,  and  ni.  Uncertain  values  of  the  quantities  result.  In  the 
cal —ad  procedure,  the  definition  of  the  minimum  was  improved 
by  simultaneously  measuring  and  solving  enthalpy  and  adsorp¬ 
tion  data.  However,  the  enthalpies  of  interaction  of  most  carbon 
adsorbents  are  so  small  that  this  approach  cannot  be  employed 
with  these  solids.  Instead,  a  series  of  isotherms  can  be  measured 
at  various  temperatures.  Assuming  the  n,  values  to  be  temper¬ 
ature  independent,  each  temperature  introduces  only  new  Xads’s 
as  unknowns,  leading  to  a  better  definition  of  the  minimum  in 
the  solution  of  the  combined  data  set  because  of  the  improved 
ratio  of  knowns  to  unknowns.  It  is  to  be  emphasized  that  we 
are  not  assuming  the  same  extent  of  micropore  filling  at  all 
temperatures  for  PJP°  of  one.  The  assumption  is  that  the 
potential  capacity  is  the  same  with  K  defining  the  conditions  to 
saturate  this  capacity. 

The  reproducibility  and  precision  in  the  adsorption  measure¬ 
ments  were  determined  from  three  successive  exfieriments  in 
which  N2  adsorption  by  A-572  at  25  ®C  was  followed  by 
evacuating  and  repeating  the  N2  adsorption  experiment  on  the 
same  sample.  The  adsorption  isotherms  were  very  reproducible. 
At  higher  equilibrium  pressures  (Paim  0.05).  the  relative  error 
(<5)  in  the  average  number  of  moles  of  N2  adsorbed  per  gram 
A-572  was  6  <  0.5%.  At  lower  equilibrium  pressures  (Paim 
0.05),  the  relative  error  was  somewhat  larger,  with  6  <  3%. 
This  larger  relative  error  arises  because  of  the  very  small 
volumes  of  gas  adsorbed.  Two  successive  adsorption  isotherms 
were  also  obtained  for  CO  on  A-572  at  T  =  —93  ®C.  At  this 
low  temperature,  CO  leads  to  much  higher  volumes  of  gas 
adsorbed  at  the  low  pressures.  As  in  the  N2  data,  the  greatest 
relative  errors  in  successive  runs  were  observed  at  lower 
pressures.  For  the  two  CO  adsorption  isotherms  at  Pgun  <  0.05, 
a  relative  error  of  <4%  was  found.  In  the  data  analysis,  it  is 
essential  to  add  processes  only  until  the  adsorption  data  are  fit 
as  accurately  as  it  is  known.  We  have  used  the  relative  errors 
discussed  above  as  the  criterion  for  the  minimum  number  of 
processes  needed  to  fit  the  adsorption  data  by  the  equilibrium 
analyses  to  within  the  precision  of  measurement.  The  procedure 
for  obtaining  n/’s  and  ^/,ads’s  for  the  gases  in  this  study  is 
outlined  as  follows: 

(1)  The  T  =  —42  ®C  isotherm  is  found  to  fit  with  two 
processes,  leading  to  values  for  all  four  parameters  (ni,  i^i^, 
^2.ads).  At  this  temperature,  the  value  of  n\  is  best  defined 
because^^  the  data  points  correspond  to  ranges  from  zero  to  near 
full  capacity  for  process  1.  Furthermore,  i^i.ads  is  different 
enough  from  the  equilibrium  constants  of  the  other  processes 
to  distinguish  the  Ar,>ds  values. 

(2)  The  T  =  —93  ®C  isotherm  requires  three  processes  to  fit 

the  data  to  within  the  experimental  error.  The  n\  value  is  fixed 
to  that  obtained  in  step  1 .  These  data  provide  a  better  definition 
of  712,  so  it  is  not  fixed  to  the  value  from  step  1,  The  data  fit 
of  this  isotherm  provides  and  «3.  Since 

processes  1  and  2  have  data  ranging  from  low  to  full  capacity, 
the  values  of  /Cuds.  and  nj  are  well  defined,  but 

and  ^3  are  not  as  accurately  known. 

(3)  Next,  the  above  isotherms  are  reanalyzed  and  all  other 
isotherms  are  analyzed  w'ith  a  three-process  fit  using  fixed  values 


TABLE  1:  Physical  Properties  of  the  Adsorbents  Used 


A-572 

PPAN 

surface  area  av  [mVg]  {Cf 
pore  vol  [mL/g] 

1159(865) 

880(1685) 

microporc 

0.428 

0.334 

mesopore 

0.284 

0.119 

macropore 

CHN  anal. 

0.207 

0.090 

%C 

91.1 

70.2 

%H 

0.33 

1.66 

%N 

0.00 

5.31 

®  BET  value  of  C  constant. 

of  «!,  712,  and  n3  from  steps  1  and  2.  This  step  produces  the 
reported  values  of  Kij^ds,  and  /C3.ads  calculated  for  each 
adsorption  isotherm  at  each  temperature. 

Step  3  constitutes  a  check  to  determine  if  meaningful 
parameters  have  been  obtained.  If  good  values  result  for  /ii, 
712,  and  n3  from  steps  1  and  2,  it  will  be  possible  to  fit  the 
isotherms  obtained  at  all  temperatures  to  within  the  precision 
of  the  experimental  measurements  with  these  n/s  fixed.  A 
second  check  results  by  plotting  In  Kuds  vs  l/T  [/C”’]. 
Meaningful  parameters  will  give  a  straight  line  with  the  slope 
related  to  the  enthalpy  of  adsorption. 

It  is  important  to  realize  that  the  /Cads  values  calculated  in 
these  experiments  correspond  to  an  equilibrium  that  is  estab¬ 
lished  in  minutes.  On  standing  for  hours,  the  adsorption  capacity 
of  the  solid  is  found  to  increase.  The  equilibrium  process  that 
is  rapidly  established  is  of  most  interest  for  catalytic  and 
separation  applications.  In  these  experiments,  equilibrium  is 
defined  as  the  point  at  which  the  measured  pressure  changes 
by  less  than  0.01%  of  the  average  pressure  during  a  10-s  time 
interval.  In  general,  for  these  porous  carbons.  3-5  min 
transpires  between  data  points,  although  longer  times  are 
required  at  low  pressures. 

Supports  and  Adsorptives.  Two  chemically  different  porous 
carbonaceous  supports  and  a  series  of  different  gases  were 
studied  to  quantify  the  processes  involved  in  gaseous  adsorptive 
pickup.  This  research  has  focused  on  the  carbonaceous  adsor¬ 
bents  Ambersorb  572  (A-572)  made  from  pyrolyzed,  sulfonated, 
macroreticular  polystyrene  beads  and  a  pyrolyzed  poly(acry- 
Jonitrile)  (PPAN)  material.^^  Data  for  the  physical  characteriza¬ 
tion  of  these  materials  with  elemental  and  BET  analyses  are 
listed  in  Table  1 .  Both  solids  have  BET  surface  areas  around 
1000  mVg  and  a  distribution  of  pores  including  micropores, 
mesopores,  and  macropores.  The  C  constants  are  1685  and  866 
for  PPAN  and  A572,  respectively.  Microporosity  makes  the 
calculated  surface  area  suspect.  The  selection  of  these  adsor¬ 
bents  enables  us  to  compare  properties  of  a  predominantly 
carbon-containing  solid  material  and  one  with  nitrogen  donor 
functionality. 

The  gases  used  in  the  adsorption  measurements  are  sum¬ 
marized  in  Table  2  and  were  selected  to  provide  a  range  of 
polarity,  polarizability,  and  size.  Helium  is  taken  as  a  reference 
zero  point  to  determine  the  dead  volume  of  the  support.  The 
nonpolar  N2,  slightly  polar  CO,  and  the  quadrupolar  CO2  were 
chosen  to  investigate  the  influence  of  polarity  on  the  application 
of  this  adsorption  model  and  to  provide  an  indication  of  the 
importance  of  these  properties  on  adsorption  by  these  solids. 
N2  and  CO  are  noncondensible  gases  in  our  studies  because 
their  critical  temperatures  are  significantly  less  than  the  tem¬ 
peratures  used  in  this  work.  These  probes  are  subject  to  solid- 
probe  and  multilayer  interactions  but  do  not  give  rise  to  capillary 
condensation  in  the  mesopores  and  large  micropores.  Conden¬ 
sible  adsorptives  are  subject  to  both  solid-probe  and  multilayer 
interactions,  as  well  as  capillary  condensation. 


Analyzing  Gas~Solid  Equilibria  in  Porous  Materials 


/  Phys.  ChenL,  Vol  100.  No,  5. 1996  1721 


TABLE  2:  Summary  of  Gases  and  Physical  Properties” 

probe 

gas 

MW, 

g/mol 

polarizability,* 

A’ 

dipole 
moment  D 

molar  vol,^ 
mL/mol 

r..*c 

VC 

AHv. 

kcal/mol 

van  dcr 
Waals  const® 

He 

4.00 

0.205 

0 

32 

-268.0 

-268.9 

0.0194 

0.03412 

Nz 

28.01 

1.74 

0 

35.4 

-146.9 

-195.8 

1.33 

1.390 

CO 

28.01 

1.95 

0.112 

34.9 

-140.2 

-191.5 

1.44 

1.485 

CO2 

44.01 

2.91 

0 

40.0* 

31.04 

-78.44 

6.03 

3.592 

(-37 ‘‘O 

(sub) 

®  Lange 's  Handbook  of  Chemistry.  13th  cd.;  McGraw-Hill:  New  York»  1985.  All  data  is  from  this  source  unless  otherwise  specified.  ^Handbook 
of  Chemistry  and  Physics.  7 1st  cd.;  CRC:  Boca  Raton«  FL.  1991.  ^  Molar  Volume  of  the  liquid  at  the  normal  boiling  point.  Hildebrand,  J.  H.; 
Prausnitz,  J.  M.;  Scott,  R.  L.  Regular  and  Related  Solutions;  Van  Nostrand  Reinhold:  New  York,  1970;  p  217. 
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Figure  2.  (a)  Adsorption  of  nitrogen  by  PPAN;  (b)  adsorption  of  N2 
by  A-572.  T,  of  Nz  is  -146.9  ®C. 

Adsorption  Isotherms.  Figures  2-4  show  the  adsorption 
isotherms  for  N2,  CO,  and  CO2  on  A-572  and  N2  as  well  as  CO 
on  PPAN.  The  N2  and  CO  isotherms  at  25  ®C  are  linear  at  the 
external  pressures  studied,  whereas  at  lower  temperatures,  the 
isotherms  are  nonlinear  and  the  solids  have  greater  adsorption. 
The  isotherms  in  Figures  2  and  3  were  fit  to  cq  2  with  ni,  112* 
and  ^3  determined  and  fixed  for  each  adsorptive  as  described 
in  the  calculational  procedure.  In  the  case  of  CO2,  the  n,  values 
that  were  obtained  from  the  isotherm  at  0  ®C  by  optimizing  the 
n’s  and  ^s  fit  the  data  at  all  temperatures.  The  isotherms  for 
all  three  adsorptives  on  both  solids  at  all  temperatures  could  be 
fit  to  the  accuracy  of  the  measurements  using  three  different 
adsorption  processes.  The  points  shown  in  Figures  2—4  arc 
the  experimental  data,  and  the  curves  are  generated  from  the 
best  fit  analysis  using  eq  2.  The  excellent  fit  of  the  data  for 
the  noncondensible  gases  to  the  three-process  model,  using  the 
same  fi|,  nz,  and  113  values  for  isotherms  at  all  tcmp)cratures 
studied,  suggests  that  the  n\  and  ni  values  obtained  are  accurate 
measures  of  the  available  capacity  for  these  different  processes. 


Figure  3.  (a)  Adsorption  of  CO  by  PPAN;  (b)  adsorption  of  CO  by 
A-572.  Tc  of  CO  is  -140.2  ®C. 


P(atm) 


Figure  4.  Adsorption  of  CO2  by  A-572.  Tc  of  CO2  is  31.04  ®C. 

It  is  important  to  note  that  in  the  case  of  CO  on  either  solid, 
rii  and  values  were  within  10%  of  those  reported  when 
calculated  solely  from  the  T  =  —93  ®C  adsorption  isotherm. 
The  results  for  CO2  at  0  ®C  and  CO  at  -93  ®C  indicate  that  if 
one  adsorbs  enough  adsorbate  in  the  region  of  the  isodierm  in 
which  processes  1  and  2  dominate  and  if  enough  measurements 
are  taken  at  low  pressures  (approximately  P  <  0.05  atm),  a 


1722  J.  Phys.  Chem.,  VoL  100,  No.  5,  1996 
TABLE  3:  Equilibrium  Adsorption  Parameters 


Drago  et  al. 


solid 

gas 

process 

n„  mmol/g 

-93  ®C 

-42  ®C 

0®C 

25  ®C 

40 

75  X 

A-572 

Nj 

1 

0.46 

93 

4.6 

0.94 

035 

2 

\59 

9.9 

0.78 

0.13 

0.041- 

3 

5.32 

0.86 

0.13 

0.05 

0,041- 

CO 

1 

0.53 

180 

8.26 

0.66 

2 

1.82 

16.7 

1.1 

0.06“ 

3 

4.94 

1.4 

0.17 

0.054“ 

C02 

I 

0.18 

57.4 

16.0 

7.4 

3.1 

2 

1.38 

6.39 

2.8 

1.6 

0.52 

3 

8.69 

0.50 

0.23 

0.14 

0.06- 

PPAN 

N2 

1 

0.43 

no 

4,7 

0.30 

2 

1.63 

9.4 

0.74 

0.15- 

3 

3.62 

0.81 

0.11 

0.015- 

CO 

1 

0.56 

250 

8.9 

0.72 

2 

1.79 

19.3 

1.1 

0.05- 

3 

3.65 

1.35 

0.15 

0.05- 

®  There  is  very  little  filling  of  these  sites  at  the  temperature  indicated.  Therefore,  these  values  have  a  greater  uncertainty  than  the  other  processes. 


Figure  5.  Contributions  of  three  processes  to  the  total  isothenn  of 
CO  on  A-572  al  -42  ®C. 

reasonable  estimate  of  ni  and  A’l^ds  is  possible  from  measure- 
ments  at  one  temperature.  If  it  is  not  possible  to  get  enough 
adsorption  measurements  in  the  low-pressure  portion  of  the 
isotherm  because  of  extensive  filling  of  these  high-affinity  sites, 
then  higher  temperatures  may  be  required  to  obtain  a  better  value 
of  n\  and  A'i,,ds. 

Table  3  summarizes  the  «,  and  parameters  for  all  of  the 
N2  ,CO,  and  CO2  adsorption  isotherms,  where  n,  is  the  capacity 
of  the  solid  for  the  adsorption  process  in  millimoles  of  gas 
adsorbed  per  gram  of  solid,  and  the  equilibrium  constants, 
measure  the  affinity  of  the  probe  for  that  adsorption  process. 
The  ATads  values  are  such  that  the  second  and  third  types  of 
processes  begin  before  the  fust  process,  adsorption  in  the  small 
microporcs,  has  been  completed.  This  simultaneous  filling  is 
illustrated  in  Figure  5  where  the  experimental  isotherm  for  CO 
on  A-572  at  42  ®C  is  decomposed  into  the  three-component 
processes  using  the  determined  Ar,>ds  and  n/  values. 

It  is  important  to  emphasize  that  as  in  all  heterogeneous 
equilibria,  the  ATads  is  an  average  value  of  the  adsorption  process 
by  different  solid  sites  that  have  ATads  values  close  enough  to  be 
treated,  within  experimental  error  of  the  measurement,  as  a 
single  process  in  the  data  workup.  It  is  also  important  to 
emphasize  that  n,  for  each  type  of  process  is  a  function  of  the 
pore  distribution  in  the  solid  and  the  size  of  the  probe  molecule. 
The  log  Ari.ads  value  is  a  quantitative  measure  of  the  free  energy 
of  probe-solid  and  probe— probe  interactions  for  each  different 
process.  The  log  AT/^ds’s  for  a  given  adsorptive  being  adsorbed 
by  different  solids  provide  quantitative  comparisons  of  the 
interactions  of  the  adsorbate  with  the  solid.  For  a  given 
adsorbent,  quantitative  comparisons  of  the  log  AT/^ds’s  for 


TABLE  4:  Summary  of  — Aif*ds  (kcal/mol)  from  In 
versus  l/T  Plots _ _ _ 

A-572 _  PPAN 

process  N2^  CO^  ^2^  CCK 

1  4.7  ±0.1  5.1  ±0.04  7.4  ±0.6  5.3  ±0.2  5.3  ±0.1 

2  4.5  ±0.3  5.1  ±0.4  6.3  ±0.3  3.8  ±0.2  5.3  ±  0.5 

3  3.0  ±0.1  3.0  ±0.3  5.4  ±0.3  3.6  ±0.2  3.0  ±0.4 

«  Process  1:  In  #:=  2370  (±70yr-  8.6  (±0.1).  Process  2:  In  K 
=  2270  (±160)/T  -  10.2(±0.2);  In  K2  at  25  ®C  was  omitted  because 
it  is  poorly  defined.  Process  3:  In  IT  =  1510  (±30)77  -  8.5  (±0.04); 
In  Ki  at  25  ®C  was  omitted  because  it  is  poorly  defined.  *  Process  1: 
\n  K  =  2560  (±0.1)l/7  -  9.0  (±0.03).  Process  2:  \n  K  =  2550 
(±220)1/7  -  11.2(±0.3).  Process  3:  In  #r  =  1490  (±150)1/7  - 
8.0(±0.2).  "  Process  1 :  In  AT  =  3740  (±320)1/7  -  9.7(±0.2).  Process 
2:  In  AT  =  3200  (±160)1/7  -  9.8(±0.1).  Process  3:  In  AT  =  2710 
(±0.6)l/7-  10.6(±0.03).  'Process  1:  In  AT  =  2670  (±80)1/7-  10.1. 
Process  2:  In  AT  =  1890  (±120)1/7-8.3.  Process  3:  In  AT  =  1810 
(±120)1/7- 10.2. 'Process  1:  In  AT  =  2670  (±40)1/7- 9.3.  Process 
2:  In  a:  =  2690  (±240)1/7-  11.9.  Pn)ccss3:  In  AT  =  1510  (±190)1/7 
-8.2. 


1/r(K) 


Figure  6,  Van’t  Hoff  plot  of  the  three  adsorption  processes  for  CO2 
on  A-572. 

different  adsorptives  will  give  insight  into  the  polarizability, 
polarity,  and  donor— acceptor  properties  of  the  solid  surface. 

The  enthalpies  of  adsorption,  AAf»ds»  for  the  three  adsorptives 
on  the  two  solids  have  been  determined  using  a  Qapeyron- 
type  relationship  between  to  AT,, ads  and  inverse  temperature.  The 
results  are  summarized  to  Table  4,  and  plots  are  shown  for  CO2 
on  A-572  in  Figure  6.  The  least-squares  fit  of  the  plots  for  all 
of  the  systems  are  given  in  the  footnote  to  Table  4.  It  should 
be  noted  that  the  third  adsorption  process  is  not  defined  as  well 
as  the  first  two  since  only  a  small  fraction  of  these  sites  are 
occupied  at  the  conditions  studied.^^  Therefore,  and 

are  to  be  considered  as  rough  estimates.  The  enthalpies 
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are  consistent  with  those  expected  for  weak  physisoiption 
processes. 

Interpretation  of  the  Processes  Involved.  The  equilibrium, 
enthalpy,  and  BET  surface  area  values  can  be  utilized  in 
conjunction  with  results^^  from  NMR  porosimetry  (vide  infra) 
on  A-572  to  provide  an  interpretation  of  the  physical  nature  of 
the  three  processes.  The  interpretation  of  the  processes  involved 
is  illustrated  with  A-572,  which  is  more  thoroughly  character¬ 
ized.  PPAN  was  studied  with  N2  and  CO  to  afford  a  comparison 
of  adsorbents.  The  different  values  of  Kinds.  ^2.ads,  and 
for  A-572  are  consistent  with  different  interaction  potentials  for 
the  different  adsorption  processes.  At  low  pressures,  adsorption 
of  the  gas  into  the  small  micropores  of  the  solid  should  be  the 
dominant  process  for  these  adsoiptives.  the  affinity  of 
the  adsorptive  for  the  smallest  pores,  increases  in  the  order  N2 
<  CO  <  CO2  at  any  given  temperature.  The  enthalpies  increase 
in  the  same  order  and  are  directly  proportional  to  tfie  polariz¬ 
ability  of  the  gas  molecules.  This  result  suggests  that  the 
predominant  interaction  of  the  adsorptive  molecules  studied  with 
this  solid  surface  involves  dispersion  forces. 

The  assignment  of  process  1  to  adsorption  in  the  smallest 
pores  is  supported  by  the  literature^***  and  by  pore-resolved 
NMR  porosimetry.^^  The  NMR  shows  that  the  smallest  pores 
fill  first  when  CH3CN  is  adsorbed  from  dilute  CCI4  solution  by 
A-572.  This  is  a  direct  observation  that  shows  the  equilibrium 
constant  for  this  process  is  the  largest.  Decomposition  of  the 
total  adsorption  isotherm  into  three  components  using  integrated 
intensities  from  the  proton  NMR  experiment  gives  profiles 
similar  to  those  in  Figure  5.  For  all  of  the  systems  in  Table  3, 
^i.ads  is  almost  an  order  of  magnitude  larger  than  ^r2^s. 

Process  2  is  attributed  to  adsorption  in  the  larger  micropores 
of  the  solid.  For  N2  and  CO  on  A-572,  the  enthalpies  for 
processes  1  and  2  are  the  same  within  experimental  error.  This 
indicates  that  the  superimposed  interaction  potentials  from  the 
adsorbate  on  opposite  walls  (Figure  1)  of  the  micropores  has  a 
small  enthalpic  and  large  entropic  component.  The  predominant 
contribution  to  the  enthalpy  in  process  1  is  the  solid-adsorptive 
dispersion  interaction.  With  the  larger  molecule  CO2,  the 
enthalpic  contribution  to  process  1  is  1.1  kcal  mol“*  larger  than 
that  for  process  2.  The  small  pores  involved  in  the  solids  studied 
apparently  have  dimensions  that  lead  to  a  larger,  enthalpic,  and 
entropic  superimposed  interaction  potential  for  the  larger  CO2 
molecule.  For  smaller  molecules,  the  enthalpic  contribution  is 
smaller. 

The  predominant  contribution  to  the  enthalpy  of  process  2 
for  CO,  N2,  and  CO2  arises  from  the  dispersion  force  interaction 
of  these  molecules  with  the  carbon  surface.  The  values  of  both 
rti  and  n2  are  about  12%  larger  for  CO  than  for  N2.  The 
quantities  n\  and  nz  will  consist  of  varying  combinations  of 
micropores  for  different  gases.  Stronger  interaction  enables  CO 
to  bind  more  strongly  than  N2  to  some  of  the  larger  microporcs, 
thus  increasing  n\  and  ni. 

Using  an  adsorbate  area  of  16.2  for  a  nitrogen  molecule,^ 
the  values  of  ni  and  nj  for  A-572  correspond  to  surface  areas 
of  45  and  155  mVg,  respectively.  The  vsdue  of  na  corresponds 
to  5 19  mVg.  A  similar  analysis  for  CO  using  an  adsoibate  area^ 
of  15.0  gives  48,  164,  and  446  mVg  for  processes  1,  2.  and 
3,  respectively.  In  both  of  these  cases,  process  3  is  attributed 
to  adsorption  by  the  surface  of  the  larger  pores  and  remaining 
surface.  The  n’s  and  fCs  for  process  3  are  not  well-defined, 
and  the  calculated  surface  areas  are  not  as  well-known. 

A  polarized  surface  molecule  could  lead  to  multilayer 
adsorption  even  though  we  are  above  the  critical  temperature 
of  the  adsorbate.  Whether  the  adsorbed  molecules  are  all  on 
the  surface  or  on  surface  and  bilayer  sites  is  often  of  minor 
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concern.  Multilayer  formation  in  the  micropores  is  analogous 
to  the  accepted  concept  of  micropore  filling.  Therefore,  in  all 
these  processes,  it  is  difficult  to  distinguish  the  contribution  from 
multilayer  adsorption  and  surface-bound  interactions,  for  the 
two  may  proceed  concurrently  and  with  a  comparable  ITads- 
However,  for  most  applications,  the  concern  is  with  the  capacity 
and  affinity  of  the  various  processes. 

When  similar  calculations  are  done  with  the  CO2  data,  using 
an  adsorbate  diameter^^  of  21.8  A^,  the  corresponding  surface 
areas  are  24  mVg  for  process  1  and  181  mVg  for  process  2.  An 
area  of  1 140  mVg  is  found  for  process  3,  which  exceeds  the 
reported  BET  total  surface  area.  Thus,  CO2  must  involve  both 
adsorption  by  the  solid  surface  and  multilayer  processes.  In 
this  case,  it  is  clear  that  multilayer  and  surface  adsorption  have 
comparable  equilibrium  constants,  for  the  data  are  fit  to  three 
processes. 

The  quantitative  thermodynamic  data  for  process  3  are  poorly 
defined  at  the  temperature  and  pressure  regions  studied  due  to 
only  a  fraction  of  n3’s  capacity  actually  being  occupied.  These 
calculations  show  that  condensation  does  not  occur  for  N2  or 
CO  but  does  for  CO2. 

This  correlates  with  the  critical  temperatures  of  these  gases. 
Both  n\  and  ni  arc  smaller  for  CO2  than  for  either  N2  or  CO,  as 
expected  from  its  larger  size.  However,  113  is  much  larger  and 
provides  the  only  clear  manifestation  of  a  multilayer  process  in 
the  systems  in  Table  3. 

It  is  of  interest  to  note  that  the  enthalpies  of  process  3  arc 
larger  than  the  enthalpies  of  vaporization  of  the  liquids.  The 
polarization  of  a  surface-bound  molecule  will  increase  the 
enthalpy  of  interaction  of  a  second  layer  with  the  surface  layer. 
In  general,  multilayer  formation  in  each  of  the  processes  is 
expected  to  have  comparable  /Tick’s  to  those  for  surface 
adsorption  of  those  processes.  The  interaction  potentials  that 
give  rise  to  the  different  processes  influence  not  only  the  surface 
interactions  but  also  the  multilayer  interactions. 

Comparison  of  Adsorbents.  The  solid  adsorbent  PPAN  is 
very  similar  to  A-572.  At  —93  ®C,  the  n\  and  n2  values  for  N2 
and  CO  are  similar  for  these  two  solids.  The  —93  ®C 
equilibrium  constants  and  enthalpies  for  process  1  are  slightly 
larger  for  PPAN  than  for  A-572.  The  Kijnds  and  i^3^s  values 
are  similar  for  the  two  solids,  as  is  the  enthalpy  for  process  3. 
Thus,  the  nitrogen  donor  functionality  of  PPAN  does  little  to 
change  the  interaction  potential  between  the  solid  surface  and 
the  monolayer  of  N2  or  CO.  Interestingly,  the  rti  values  obtained 
are  larger  for  A-572  than  for  PPAN.  This  is  consistent  with 
porosimetry  and  BET  experiments  which  indicate  a  larger  pore 
volume  and  surface  area  for  A-572. 

It  is  also  of  interest  to  note  that  both  adsorbents  were  cycled 
through  adsorption  experiments  and  degassing  at  200  ®C  up  to 
15  times.  We  found  no  change  in  the  surface  area  and  pore 
size  distribution  between  the  original  and  final  sample.  This 
thermal  stability  is  important  for  separation  and  catalytic 
applications. 

Comparison  of  Adsorption  Models.  The  BET  model,  which 
is  the  most  often  used  standard  adsorption  model  for  porous 
materials,  was  developed  to  account  for  multilayer  adsorption 
by  assuming  that  the  Langmuir  equation,  which  involves  only 
monolayer  adsorption,  applies  to  each  layer.  Following  Ad¬ 
amson,*^  the  C  constant  in  the  BET  equation  (eq  1)  is  related 
to  the  ratio  of  equilibrium  constants  for  monolayer  adsorption 
and  multilayer  adsorption.  It  is  also  related  exponentially  to 
the  difference  in  the  enthalpy  of  adsorption  of  ihe  monolayer 
(Cl)  and  the  multilayer  (Cv)*  Therefore,  C  encompasses  several 
processes  and  thus  is  difficult  to  relate  to  the  affinity  or  strength 
of  interaction  of  the  probe  with  the  solid. 
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In  the  multiple  process  equilibrium  model  presented  here, 
the  C  constant  of  the  BET  equation  is  essentially  being  separated 
into  components  for  surface  adsorption  in  pores  of  different  sizes 
and  multilayer  formation.  A  significant  advantage  of  this  model 
is  that  the  thermodynamic  quantities  are  a  true  thermo¬ 
dynamic  quantity  and  can  be  related  to  physical  properties  (c.g., 
polarizability,  etc.)  of  the  adsorptive.  Thus,  our  method  of 
analysis  provides  a  thermodynamic  measure  of  gas— solid 
equilibria  and  a  thermodynamic  basis  for  understanding  the 
adsorption  process. 

Conclusions 

The  affinities  of  three  gases  for  two  porous  carbonaceous 
solids  have  been  compared  using  a  multiple-process  equilibrium 
analysis.  For  noncondensible  adsorptives,  N2  and  CO,  a 
multiple-process  adsorption  model  is  able  to  separate  the 
processes  of  small  micropore  adsorption,  larger  micropore 
adsorption,  and  adsorption  by  the  remaining  surface.  The 
enthalpy  of  interaction  for  the  condensible  adsorptive,  C02» 
indicates  that  multilayer  condensation  may  accompany  surface 
adsorption  for  each  process  and  is  clearly  involved  for  CO2  in 
the  na  process.  The  /T/.ads  and  n,  values  for  different  adsorptives 
provide  a  quantitative  characterization  of  the  forces  involved 
in  porous  solid-gas  equilibria.  Comparison  of  the  In  values 
and  the  enthalpies  affords  insight  into  the  fundamental  nature 
of  the  interaction  of  adsorbent  and  adsorptive  molecules.  The 
gas-solid  interactions  studied  here  are  predominantly  phys- 
isorption.  Aads  or  A//ads  can  be  used  to  provide  a  quantitative 
comparison  of  solids  that  affords  a  means  of  selecting  solids 
which  will  facilitate  adsorption  of  various  adsorptives.  Ac¬ 
cordingly,  the  carbonaceous  adsorbents  studied  here  are  expected 
to  be  effective  in  the  separation  of  molecules  that  differ  in 
polarizability.  Comparison  of  the  affinity  of  the  solid  for  large 
and  small  probe  molecules  is  complicated  by  the  fact  that  a 
different  distribution  of  pore  sizes  comprises  processes  1  and  2 
for  different  size  probes.  As  a  further  note  of  caution,  it  should 
be  mentioned  that  the  systems  treated  all  correspond  to  type  1 
isotherms  in  the  Brunauer  classification.^’  Further  research  with 
solids  that  fall  in  the  other  classes  is  needed  to  ascertain  the 
limitations  of  this  approach. 

Kinetic  factors  are  also  important  in  the  practical  applications 
of  solids  in  separation  and  catalytic  processes.  This  aspect  of 
the  problem  is  not  addressed  with  these  measurements. 
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Summary:  Light  alkanes  (ethane,  propane,  w-butane,  w-pentane)  are  readily  oxidized 
in  acetonitrile  solvent  by  H2O2  with  vanadium-pyrazine-2-carboxylic  acid  (PCA)  as  the 
catalyst  at  75°C  and  pressures  of  ”-3  atm  to  produce  predominantly  or  exclusively  ketones 
(aldehydes).  Isobutane  is  transformed  selectively  into  /-butanol.  The  oxidation  of 
cyclohexane  at  26°C  in  acetone  or  acetic  acid  is  less  efficient  than  that  in  acetonitrile.  The 
reaction  does  not  occur  in  /-butanol. 

The  oxidation  of  organic  compounds  and  especially  hydrocarbons  by  molecular  oxygen 
and  hydrogen  peroxide  has  been  extensively  investigated  over  the  last  few  decades  since 
these  oxidizing  reagents  are  inexpensive  and  produce  only  water  as  a  by-product^’*. 
Reactions  involving  hydrogen  peroxide  are  catalyzed  by  various  transition  metal 
complexes  .  Vanadium  complexes  are  known  to  play  an  important  role  in  chemical  as 
well  as  and  biological  oxidations,*'*’**  and  have  been  used  as  catalysts  for  the  hydrogen 
peroxide  oxygenation  of  hydrocarbons**  ^'*.  Earlier  it  was  shown  that  a  vanadium  complex 
in  the  presence  of  pyrazine-2-carboxylic  acid  (PCA)  catalyzes  the  rapid  oxidation  of 
hydrocarbons  and  other  organic  compounds  (e.g.  alcohols)  with  aqueous  50%  solution  of 
hydrogen  peroxide  in  acetonitrile*’^*'^*.  Since  benzene,  n-hexane,  n-heptane. 


2-methylhexane,  3-methyIhexane,  and  cyclohexane  were  used  as  substrates,  these 
oxidations  were  carried  out  in  open  vessels  in  air  at  20-70°C.  At  low  temperature  the 
predominant  product  is  the  corresponding  alkyl  hydroperoxide.  This  hydroperoxide  is 
then  slowly  decomposed  to  produce  the  respective  ketone  and  alcohol.  The  study  of  the 
H2O2  oxidation  of  saturated  hydrocarbons  by  the  vanadium-PCA  catalyst  was  extended  to 
light  alkanes  as  substrates  to  solvents  other  than  acetonitrile. 

Experimental: 

The  oxidations  of  light  alkanes  were  carried  out  in  thermostat ed,  closed  250  ml  Pyrex 
vessels  with  vigorous  stirring.  The  volume  of  the  reaction  solution  was  50  mL.  Initially, 
0.4  mL  (6.7  x  10’^  mol)  of  a  50%  aqueous  solution  of  hydrogen  peroxide  (Fischer)  was 
added  to  the  solution  of  the  catalyst  (in  all  cases  5  x  lO"*  mol  of  (n-Bu)4V03  and  2  x  10’’ 
mol  of  PCA  in  50  mL  of  MeCN)-  Then  5  mL  of  liquid  pentane  was  added  to  the  solution 
and  the  vessel  sealed  with  a  pressure  head  containing  a  pressure  gauge.  With  gaseous 
alkanes,  the  reaction  mixture  comprised  50  mL  of  acetonitrile  containing  the  amounts  of 
H2O2  and  the  catalyst  given  above,  and  12-40  psig  of  gaseous  hydrocarbon  (air  was  not 
remove  from  the  reaction  vessel  prior  to  charging  with  the  gaseous  alkane).  The 
temperature  of  the  reaction  was  maintained  at  75-77°C.  After  the  reaction  was  complete, 
the  vessel  was  cooled  with  ice  and  opened.  The  reaction  of  cyclohexane  at  26°C  in 
various  solvents  was  carried  out  in  a  Pyrex  vessel  in  air  under  vigorous  stirring,  the  total 
volume  of  the  reaction  solution  was  10  mL. 


The  reaction  solutions  were  analyzed  by  means  of  GC  (each  sample  was  analyzed 
twice,  i.e.  before  and  after  the  addition  of  an  access  of  solid  triphenylphosphine).  For  the 
analysis,  a  Hewlett  Packard  Series  II,  5890  chromatograph  equipped  with  a  FID  detector 
and  outfitted  with  the  columns  HP  50  (crosslinked  50%  PhMe  Silicone,  30  m  x  0.53  mm  x 
1 .0  pm  film  thickness)  or  a  30  m  Altech  RSL  1 60  column  (5  pm  thickness)  was  used.  The 
carrier  gas  was  helium.  A  Hewlett  Packard  3396  Series  II  integrator  was  employed. 
Acetonitrile,  used  as  the  solvent,  was  distilled  from  CaH2.  Pentane  and  cyclohexane 
(Aldrich)  were  treated  with  H2SO4,  washed  with  water  and  distilled.  Gaseous  alkanes 
were  used  as  received. 

Results  and  Discussion: 

In  the  present  paper  we  wish  to  report  on  the  first  results  obtained  in  the  H2O2 
oxidation  of  lower  alkanes  at  ~3  atm  pressure  by  the  vanadium-PCA  catalyst  at  75°C. 

When  heated  in  the  acetonitrile  solution,  in  a  closed  vessel,  the  catalyst  system  (for 
concentrations  of  the  components,  see  Experimental)  oxidized  w-pentane  exclusively  to 
2-pentanone  and  3-pentanone.  The  solution  of  pentane  (4.4  x  10’^  mol)  heated  at  77°C 
for  1  hour  in  a  closed  vessel  containing  H2O2  and  200  mL  of  air  in  the  gas  phase  yielded 
1.8  X  10’^  mol  of  2-pentanone  and  1.1x10'^  mol  of  3-pentanone.  The  total  turnover 
number  was  580  for  this  reaction.  Under  analogous  conditions,  reaction  at  75°C  for  5 
hours  produced  2.2  x  10'^  mol  of  2-pentanone  and  1.3  x  10*^  mol  of  3-pentanone.  In  this 
case,  the  total  turnover  number  was  700  and  the  relative  reactivities  of  hydrogen  atoms  at 
carbon  atoms  2  and  3  of  w-pentane  was  ca.  C2:C3  =1:1.  The  concentrations  of  the 
products  arising  from  oxidation  of  methyl  groups  as  well  as  subsequent  oxidations  of  any 


alcohols  formed  were  much  lower  and  have  not  been  determined.  No  pentyl  hydro¬ 
peroxide  was  present  in  the  reaction  solution  since  the  chromatograms  of  the  samples 
before  and  after  the  reduction  with  triphenylphosphine  were  similar\  It  should  be  noted 
that  reaction  proceeds  efficiently  in  respect  to  hydrogen  peroxide:  2  molecules  of  H2O2 
yield  1  molecule  of  pentanone.  Molecular  oxygen  present  in  the  gas  phase  in  the  reaction 
vessel  may  take  part  in  the  oxidation  of  the  hydrocarbon. 

w-Butane  (12  psig,  5.7x10'^  mol)  was  oxidized  (77°C;  1  hour)  to  produce  exclusively 
methylethylketone  (1.1x10"^  mol;  turnover  number  22).  /-Butane  under  analogous 
conditions  (20  psig,  9.0  x  10"^  mol;  75°C;  2.5  hours)  afforded  /-butanol  (6.0  x  lO"^  mol; 
turnover  number  120).  No  acetone  was  detected  by  GC  analysis.  Propane  (40  psig, 

1.9  X  10'^  mol)  was  oxidized  (75°C;  1  hour)  to  acetone  (9.5  x  10"^  mol;  turnover  number 
190)  as  the  sole  product  detected  by  GC. 

The  following  results  have  been  obtained  (amounts  of  products  in  the  samples  before 
the  reduction  with  triphenylphosphine ,  xlO^  mol,  and  turnover  numbers  in  parentheses  are 
given)  when  ethane  was  oxidized  by  the  reactants  under  discussion  (40  psig,  1.9  x  10'^ 
mol;  75°C): 


Table  1;  Products  from  Ethane  Oxidation 


The  total  turnover  numbers  were  158  and  377  after  1  and  2.5  hours,  respectively.  It  is 
interesting  that  while  the  amounts  of  products  obtained  in  2.5  hours  are  not  practically 
changed  upon  triphenylphosphine  treating,  the  distribution  of  the  products  in  the  1-hour 


sample  before  the  phosphine  reduction  (see  Table  above)  differ  from  that  in  the  sample 
after  the  reduction  (ethanol,  1.5  x  mol,  30  turnovers;  acetaldehyde,  2.3  x  10"^  mol,  46 

turnovers;  acetic  acid,  4.0  x  lO’^  mol,  80  turnovers).  This  indicates’  that  ethyl 

; 

hydroperoxide  is  present  in  the  reaction  solution  after  one  hour  of  the  oxidation. 

It  may  be  concluded  that  lower  alkanes  are  efficiently  oxidized  by  H2O2  with  the 
vanadium-PCA  catalyst  in  acetonitrile  at  mild  temperature  and  pressure,  with  the  main 
product  being  ketones  (aldehydes  or  carboxylic  acids).  These  compounds  probably  are 
formed  from  alkyl  hydroperoxides  that  are  the  primary  products  of  the  reaction.  The 
mechanism  of  the  last  reaction  is  unclear.  We  assume  that  the  high  oxidation  state 
vanadium  complex  abstracts  a  hydrogen  atom  from  the  hydrocarbon  producing  alkyl 
radicals.  The  latter  reacts  rapidly  Avith  an  oxygen  molecule  to  give  alkylperoxy  radicals. 
These  radicals  are  capable  of  transforming  into  alkyl  hydroperoxide  which  is  decomposed 
to  the  carbonyl  product  (ketone  or  aldehyde).  Apparently  H2O2  oxidizes  the  vanadium 
complex  which  participates  in  these  transformations.  The  accelerating  role  of  PCA  in  the 
accumulation  of  alkyl  hydroperoxide  and  involvement  in  its  alkyl  hydroperoxide 
decomposition  is  also  to  be  elucidated.  It  should  be  noted  that  iron  complexes  with 
various  chelating  ligands  have  been  shown  to  induce  the  ketonization  of  the  CH2  groups  in 
alkanes  under  the  action  of  hydrogen  peroxide^’*’®’*®. 

It  was  important  to  check  the  oxidation  in  other  solvents.  For  this  purpose  cyclo¬ 
hexane  was  chosen  as  a  substrate  and  the  oxidation  carried  out  at  26°C  in  open  Pyrex 
vessels.  If  acetonitrile  was  used  as  a  solvent  the  oxidation  of  cyclohexane  (concentration 
0.46  M)  by  the  reactants  under  discussion  (0. 1  mM  of  (n-Bu)4NV03,  0.4  mM  of  PCA  and 


0.15  M  ofH202  as  50%  aqueous  solution)  gave  cyclohexanone  (11.3  mM)  and 
cyclohexanol  (30.0  mM)  after  24  hours.  Under  the  action  of  triphenylphosphine  the 
composition  of  the  product  mixture  is  changed  (2.3  mM  of  cyclohexanone  and  43.0  mM 
of  cyclohexanol)  indicating  that  cyclohexyl  hydroperoxide  is  the  main  product.  Prolonged 
(72  hours)  reaction  of  the  stirred  solution  affords  ketone  (15.0  mM  and  4.0  mM  before 
and  after  the  reduction  with  triphenylphosphine,  respectively)  and  alcohol  (60.0  mM  and 
75.0  mM). 

The  reaction  proceeds  more  slowly  and  the  yields  of  products  are  lower  when  acetone 
is  used  as  a  solvent.  Indeed  under  the  same  conditions  only  3.2  mM  of  cyclohexanone  and 
1.5  mM  of  cyclohexanol  formed  (0.8  mM  and  3.6  mM  respectively  after  the  reduction 
withtriphenylphosphine).  The  concentrations  of  the  products  after  72  hours  are  also 
relatively  low  (5.2  mM  of  ketone  and  4.9  mM  of  alcohol  before  the  reduction;  2.0  mM 
and  9.0  mM  after  the  reduction).  Only  trace  amounts  of  products  are  detected  in  the 
absence  of  PC  A  in  the  reaction  mixture. 

The  oxidation  reaction  is  also  less  efiicient  if  acetic  acid  is  used  instead  of  acetonitrile 
as  the  solvent.  In  this  solvent  the  rate  of  the  reaction  is  only  1.5  times  higher  if  PC  A  is 
present  in  the  reaction  solution.  Only  traces  of  cyclohexanone  and  cyclohexanol  have 
been  detected  by  GC  when  t-butanol  was  employed  as  a  solvent.  Thus  it  may  be 
concluded  that  acetonitrile  seems  to  be  the  best  solvent  of  those  studied  for  the  oxidation 
of  alkanes  by  the  catalyst  system  under  consideration. 

*For  part  4,  see  Ref  1 . 
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ABSTRACT 


Thioethers  are  efficiently  oxidized  by  peracids  generated  in  s/fw  from 
carboxylic  acid  anhydrides  and  H2O2  using  1-methyl-2-pyrrolidinone  as  the 

I 

solvent.  Sulfoxides  or  sulfones  can  be  produced  in  high  yields  by  varying  the 
amount  of  hydrogen  peroxide  when  an  excess  of  carboxylic  acid  anhydride  is 
used.  Catalytic  use  of  the  carboxylic  acid  was  demonstrated  for  the  thioether 
oxidation  by  the  total  conversion  of  a  2:1  excess  of  the  substrate.  This  behavior 
could  not  be  observed  for  epoxidation  reactions  due  to  the  poor  nucleophylicity 
of  the  olefins.  Attempts  to  increase  the  concentration  of  peroxy  acid  in  solution 
and  the  secondary  reactions  of  the  epoxide  product  are  discussed. 
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INTRODUCTION 


The  replacement  of  hypochlorite  and  alkyl  hydroperoxides  as  oxidants  by 
hydrogen  peroxide  is  being  driven  by  environmental  and  economic 
considerations,  respectively.  The  byproduct  when  peroxide  behaves  as  an 
oxidant  Is  water.  Though  peroxide  is  a  potent  oxidant  It  is  very  slow  reacting  and 
needs  to  be  activated. 

One  possible  route  to  activation  of  H2O2  involves  its  conversion  to 
peroxyacids.  Organic  peroxyacids  are  more  effective  oxidants  than  H2O2  and 
are  reported  to  oxidize  a  variety  of  substrates  under  mild  conditions.'*'®  Some  of 
the  peroxyacids  used  as  oxidants  include  peroxyacetic  acid,  m- 
chloroperoxybenzoic,  monoperoxyphthalic  acid,  peroxymaleic  acid,  and 
trifluoroperoxyacetic  acid.  As  the  electron  withdrawing  nature  of  the  substituent 
Increases,  the  peracid  becomes  more  reactive.  Peroxyacids  have  been  used 
exclusively  as  stoichiometric  oxidants. 

Organic  sulfides  are  important  substrates  to  oxidize.  One  Important 
application  involves  oxidation  of  bis(2-chloroethyl)  sulfide,  HD  or  mustard  for 
decontamination  and  stock  pile  destruction.®  Using  less  reactive  organic 
peroxyacids.  thioethers  are  converted  to  sulfoxides  and  the  further  oxidation  of 
sulfoxides  to  the  corresponding  sulfones  occurs  at  a  slower  rate.^'® 
Peroxymaleic  acid,  prepared  by  the  reaction  of  maleic  anhydride  and  90%  H2O2 
In  an  inert  solvent  oxidized*®  diallyl  sulfoxide  to  the  corresponding  sulfone  in  an 
87%  yield  in  methylene  chloride  at  0  *C. 
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The  oxidation  of  p.p-dichlorobenzyl  sulfide”  and  diphenyl  sulfide’^  using 
a  series  of  para-substituted  peroxybenzoic  acids”  showed  an  increased 
oxidation  rate  when  electron-withdrawing  groups  were  used  on  the  peracid,  and 
a  decreased  oxidation  rate  with  electron-donating  groups.  In  both  acidic  and 
alkaline  media,  substitution  of  electron  withdrawing  groups  on  the  oxidant  led  to 
an  increase  in  the  rates  of  oxidation  of  p-tolyl  methyl  sulfoxide.’^  These 
substituent  variations  and  kinetic  studies  have  led  to  a  mechanism®  involving 
nucleophilic  attack  on  the  peracid  by  the  sulfide  or  sulfoxide  with  simultaneous 
proton  transfer  to  the  carbonyl  as  shown  for  alkene  epoxidation  In  Scheme  1. 

The  oxidation  of  thioethers  has  been  reported  using  a  polymer-supported 
peroxyacid.^^  A  1:1  ratio  of  tetrahydrothiophene  or  L-methionine  and  oxidant 
yielded  both  the  corresponding  sulfoxides  and  sulfones.  Higher  yields  of  the 
sulfones  were  obtained  using  a  2:1  oxidant  to  substrate  ratio. 

Transition  metal  catalyzed  oxidations  by  peroxyacids  have  received  little 
attention.  Thioethers  are  oxidized  to  the  corresponding  sulfones  In  the  presence 
of  a  catalytic  amount  of  Mn{acac)3  using  H2O2  in  acetic  acid.^®  The  reactive 
oxidant  was  suggested  to  be  peroxyacetic  acid.  In  the  presence  of  a  catalytic 
amount  of  the  catalyst,  [Fe{CH3CN)4[CI04]2,  m-chloroperoxybenzoic  acid 
oxidized  diphenyl  sulfide  and  diphenyl  sulfoxide  to  the  corresponding  sulfoxide 
and  sulfone,  with  51-71%  efficiencies  in  peroxyacid  utilization.''® 
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RCOsH  + 


SCHEME  1 


Reactions  of  peroxy  acids  with  alkenes  result  in  epoxidation  and 
hydroxylation  reactions.’^  The  epoxide,  formed  by  nucleophilic  attack  by  the 
alkene  (Scheme  1 )  may  react  with  the  carboxylic  acid  formed  from  the 
peroxyacid  to  yield  the  monocarboxylate  of  the  diol  (Scheme  2),  which  forms  the 
diol  upon  hydrolysis.  Acid  catalyzed  ring  opening  of  epoxides  also  yield  diols 
(Scheme  2). 


OH  OH 


SCHEME  2 


Perbenzoic  acid  gives  good  yields  of  epoxide  with  octenes  and  other  high 
molecular  weight  olefins.^  Monoperphthalic  acid  has  also  been  used  to 
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epoxidize  alkenes  but  reactions  are  generally  slower.  The  use  of  peracetic  acid 
in  epoxidation  reactions  generally  is  carried  out  in  acetic  acid  and  produces  diols 
and  their  monoacetates.  Good  yields  of  epoxides  are  obtained  in  Inert 
solvents.  Subsequently,  It  was  shown  that  good  yields  of  epoxides  resulted  if 
the  reaction  was  carried  out  at  20-25  “C,  short  reaction  times  were  employed, 
and  strong  acids  were  avoided. 

This  work  is  concerned  with  the  In  situ  generation  of  organic  peroxyacids 
from  carboxylic  acids  and  anhydrides  with  aqueous  H2O2  in  the  solvent  l^nethyl- 
2-pyrrolidinone.  Conditions  are  examined  to  make  peracid  formation  catalytic  In 
the  carboxylic  acid.  This  oxidant  system  is  studied  for  the  oxidation  of  both 
sulfides  and  alkenes  with  and  without  transition  metal  co-catalysts. 

RESULTS  AND  DISCUSSION 

Sulfide  Oxidations 

When  maleic  anhydride  (MAnh)  (1,6  x  10'^  moles)  and  30%  aqueous  H2O2 
are  added  to  10  ml  of  N-methyl  pyrrolidinone  (NMP)  a  very  efficient  oxidant  Is 
produced  for  sulfide  oxidation.  A  0.2  M  solution  of  n-butyl  sulfide  is  completely 
oxidized  in  1  hour  at  ambient  temperature  as  shown  in  Table  1 .  By  using  a 
tenfold  excess  of  maleic  anhydride  and  varying  the  amount  of  H2O2,  selective 
production  of  sulfoxide  or  sulfone  can  result.  In  the  first  reaction  listed  in  Table 
1,  a  1:1  ratio  of  H2O2  to  sulfide  is  used  resulting  in  100%  conversion  to  sulfoxide 
and  100%  efficiency  in  the  utilization  of  peroxide.  In  an  analogous  reaction  in 
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which  maleic  anhydride  is  omitted,  only  a  7%  conversion  to  sulfoxide  occurred. 
This  result  demonstrates  the  involvement  of  a  much  stronger  oxidant  than  H2O2, 
i.e.,  the  peroxyacid,  in  the  previous  reaction.  The  use  of  a  3:1  excess  of  H2O2  to 

I 

sulfide  results  in  the  complete  conversion  of  the  sulfide  to  sulfone  in  one  hour. 

Using  a  3:1  H2O2  to  substrate  ratio,  the  less  nucleophilic  thioether, 
diphenyl  sulfide,  also  reacts  with  the  maleic  anhydride/H202  system  leading  to 
the  complete  oxidation  of  the  substrate  to  sulfoxide  (14%)  and  sulfone  (84%)  in 
one 


1  TABLE  1  1 

n-Butyl  Sulfide  Oxidations 

1  Using  Maleic  Anhydride 

and  H2O2" 

Moles  of  Substrate 

1.6x10-^*’ 

1.6x10" 

6 

R2SO  (12) 

30 

R2S0(21) 

60 

R2SO  (29) 

240 

R2SO  (62) 

360 

R2SO  (79) 

600 

R2SO  (94) 

720 

R2SO  (97) 

840 

R2SO  (100) 

1.6x10'^*’ 

4.9x10" 

5 

R2SO  (62) 

30 

R2SO  (38) 

R2S02(62) 

60 

R2SO2  (100) 

3.2x10-"‘’‘' 

■KnRQSISII 

5 

R2SO  (73) 

■■liH 

R2SO2  (27) 

5.0x1  O'"'’" 

5 

R2SO  (67) 

SBlH 

3.2  xIO'^^* 

5 

H^Suni 

a.  The  amount  of  MAnh  in  all  experiments  was  1 .6  x  10'^  moles.  30% 
aqueous  H2O2  was  used.  The  reactions  were  studied  under  N2  at 
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25  ®C  unless  otherwise  indicated. 

b.  lOmLofNMP  was  used 

c.  4  ml  of  NMP  was  used 

d.  Run  under  air  instead  of  N2 

I 

hour.  No  oxidation  products  were  observed  in  an  analogous  reaction  containing 
no  maleic  anhydride. 

It  should  be  emphasized  that  conversion  of  the  diphenyl  sulfide  to  sulfone 
requires  the  peracid  formed  is  to  be  a  strong  enough  electrophile  to  oxidize  the 
sulfur  of  the  weak  nucleophile  diphenyl  sulfoxide. 

Catalytic  Sulfide  Oxidation 

In  order  for  the  reaction  to  be  catalytic  in  maleic  anhydride,  the  maleic 
acid  formed  after  oxygen  atom  transfer  from  the  peracid  would  have  to  react  with 
H2O2  to  regenerate  the  peracid  as  illustrated  in  Scheme  3  and  Equations  (1)-(3). 
To  evaluate  this  possibility,  a  twenty-fold  increase  in  n-butyl  sulfide 


RCOOH  RCOH 
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(RC0)20  +  H2O2  RC(0)0H  +  RC(0)00H  (1 ) 

RC(0)00H  +  S  Products  +  RC(0)0H  (2) 

RC(0)0H  +  H2O2  ^  RC(0)00H  +  H2O  (3) 

( 

concentration  over  that  in  Table  1  was  oxidized  using  a  1:1  H2O2  to  substrate 
molar  ratio  at  ambient  conditions.  This  produces  reactant  molarities  that  are  two 
times  that  of  maleic  anhydride.  After  5  minutes  of  reaction,  complete  oxidation  of 
the  substrate  had  occurred.  A  similar  result  was  obtained  when  a  3:1  reactant  to 
maleic  anhydride  ratio  was  employed.  The  results  obtained  for  these 
experiments  show  >  100%  efficient  use  of  H2O2.  The  addition  of  the  H2O2  to 
these  solutions,  containing  the  acid  anhydride  and  the  substrate,  results  in  a 
very  exothermic  reaction,  with  temperatures  of  >75  ®C  being  observed.  Since 
the  reaction  vessels  were  open  to  the  atmosphere,  it  is  most  likely  that  the 
solvent,  1-methyl-2-pyrrolidinone,  reacted  with  atmospheric  oxygen  to  form  the 
corresponding  N-alkylamide  hydroperoxide,  which  would  result  in  the  further 
oxidation  of  the  sulfide  and  /or  sulfoxide.  Under  an  N2  atmosphere,  an 
analogous  reaction  showed  a  97%  efficient  use  of  the  H2O2  (Table  1).  A  blank 
run  containing  no  maleic  anhydride  produced  only  9%  sulfoxide  in  5  minutes  and 
16%  in  30  minutes. 
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Effect  of  Transition  Metal  Catalysts 

The  activation  of  H2O2  in  the  solvent,  1-methyl-2-pyrrolidinone,  was 
pursued  using  maleic  anhydride,  in  the  presence  of  transition  metal  co-catalysts. 
The  addition  of  5  x  10’^  moles  of  H2O2  and  1.6  x  10'^  moles  of  maleic  anhydride 
to  ten  ml  of  1-methyI-2-pyrrolidinone,  led  to  ~90%  oxidation  of  1 .6  x  10'^  moles 
of  n-butyl  sulfide  to  the  sulfone  in  30  minutes  (Table  2).  Several  transition  metal 
compounds  increased  the  activity  of  this  system.  The  addition  of  Mo(0)2(acac)2 
to  the  above  reaction  led  to  complete  oxidation  of  the  sulfide  to  the  sulfone  in  5 
minutes  (Table  2).  An  analogous  reaction  containing  Mo(0)2(acac)2  but  no 
maleic  anhydride  required  48  hours  to  oxidize  the  sulfide  to  the  sulfone. 

Complete  oxidation  of  the  sulfide  to  the  sulfone  also  occurred  in  5  minutes 
when  NiCl2-6H20  was  added  to  the  peroxyacid  system.  The  use  of  H2O2  as  the 
oxidant  in  an  analogous  reaction  with  NiCl2-6H20,  but  with  no  maleic  anhydride 
led  to  only  10%  substrate  conversion  to  the  sulfone  in  48  hours.  The  reaction 
was  accompanied  by  non-productive  peroxide  decomposition. 

The  catalysts,  RuCl3*3H20  and  ReCb  enhanced  the  activity  but  were  less 
effective  than  the  molybdenum(VI)-  and  nickel(ll).  No  Increase  in  activity  was 
observed  with,  V(0)(acac)2,  CoCl2-6H20  and  FeCl3-6H20  and  metal-catalyzed 
peroxide  decomposition  becomes  a  factor. 
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TABLE  2 

j  Transition  Metal-Catalyzed  n-Butyl  Sulfide  Oxidations  1 

1  Using  Peroxymaleic  Acid  ^ 

1 

Co-catalyst 

Time  (min.) 

Products  (%) 

none 

5 

R2SO  (35) 

R2SO2  (57) 

30 

R2SO(10) 

R2SO2  (88) 

60 

R2SO2  (95) 

RuCIs-SHjO 

5 

R2SO  (2) 

R2SO2  (93) 

30 

R2S0(1) 

R2SO2  (98) 

60 

R2SO2  (100) 

Mo(0)2(acac)2 

5 

R2SO2  (100) 

ReCb 

5 

R2SO  (2) 

R2SO2  (92) 

30 

R2S0(1) 

R2SO  (99) 

60 

R2SO2  (100) 

NiCb-OHjO 

5 

R2SO2  (100) 

a.  Reaction  conditions; 

substrate  (1.6  x  10'^  moles),  1.6  x  10  moles  of  metal  compounds,  H2O2 
(4.9  X  10’^  moles,  30%  aqueous  solution),  MA  (1.6  x  10’^  moles),  NMP  (10 
mL),  run  under  N2  at  ambient  conditions. 


Eooxidation  of  Alkenes 

In  view  of  the  excellent  reactivity  observed  for  sulfide  oxidations,  the 
maleic  anhydride/H202  system  of  Table  1  was  used  to  attempt  the  epoxidation  of 
olefins.  The  liquid  olefin  1-octene  was  selected  as  the  substrate  because  of  its 
similarity  to  propene,  but  greater  ease  of  handling.  Terminal  olefins  tend  to  be 
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difficult  to  selectively  epoxidize.  When  the  same  conditions  used  for  the 
non-catalytic  thioether  oxidations  (Table  1)  are  used  for  the  1-octene 
epoxidation,  only  a  small  consumption  of  olefin  (9%)  was  observed  after  16 
hours.  The  epoxide  peak  could  not  be  observed  in  this  run  because  the  maleic 
anhydride  has  similar  retention  times.  Phthalic  anhydride  was  used  in  the  place 
of  maleic  anhydride  under  similar  conditions  and  after  three  hours,  no 
consumption  of  olefin  or  formation  of  epoxide  was  observed. 

Phthalic  anhydride  was  used  for  the  epoxidation  of  1-octene  under  the 
conditions  used  for  the  catalytic  sulfide  oxidations.  A  biphasic  system  resulted 
and  no  products  could  be  observed  In  either  of  the  phases  after  three  hours  of 
reaction.  When  reacting  5  mmoles  of  the  olefin,  3  mmoles  of  50%  aqueous 
hydrogen  peroxide  and  1  mmole  of  phthalic  anhydride  at  65  “C  only  one  phase 
was  observed,  run  4.  After  three  hours  very  little  olefin  disappeared  and  no 
epoxide  could  be  found  by  GC.  Addition  of  NiCb  did  not  Increase  the  rate  of 
epoxidation  to  the  extent  required  to  react  at  the  peracid  concentrations  in  this 
system. 

Commercial  magnesium  monoperphthalate  (MgMMP,  2  mmoles),  was 
employed  as  the  oxidant  for  1-octene  (5  mmoles)  with  3  mmoles  of  50%  H2O2  in 
10  ml  of  NMP,  run  5.  In  this  reaction,  26%  of  the  initial  olefin  was  consumed  and 
a  23%  yield  of  epoxide  was  obtained  after  one  hour  of  reaction.  The  olefin 
consumption  corresponds  to  utilization  of  65%  of  the  MgMPP  used.  None  of  the 
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hydrogen  peroxide  reacts  with  the  phthalate  anion  to  regenerate  the  peracid  at 
these  conditions. 

The  poor  reactivity  of  1-octene  in  contrast  to  sulfide  and  sulfone  is 
attributed  to  the  poor  nucleophilicity  of  1-octene.  Accordingly,  the  epoxidation  of 
cis-cyclooctene  was  tried  next  at  65  °C,  run  6.  Cyclooctene  (3  mmoles)  was 
reacted  with  phthalic  anhydride  (2  mmoles)  and  50%  aqueous  hydrogen 
peroxide  (5  mmoles)  in  10  ml  of  NMP.  After  one  hour,  20%  of  the  initial  olefin 
was  converted  to  the  epoxide  with  a  selectivity  of  85%. 

In  order  to  increase  reactivity,  aqueous  50%  hydrogen  peroxide  was 
substituted  by  the  urea  hydrogen  peroxide  adduct  (UHP)  in  the  same  reaction, 
run  7,  to  increase  the  equilibrium  concentration  of  peracid  by  decreasing  the 
excess  water  in  the  system  (Equation  (3)).  In  this  reaction,  2  mmoles  of  phthalic 
anhydride  were  added  to  a  solution  containing  5  mmoles  of  UHP  and  3  mmole  of 
cis-cyclooctene  in  10  ml  of  NMP.  After  one  hour  at  65  °C,  37%  of  the  initial 
olefin  was  converted  to  the  epoxide  with  a  selectivity  of  93%. 

Phthalic  acid  (2mmoles)  was  used  Instead  of  the  anhydride  in  the 
oxidation  of  cyclooctene  (3  mmoles)  using  UHP  (5  mmoles)  as  the  oxidant  and 
10  ml  of  NMP  as  solvent,  run  8.  After  one  hour  at  65  ®C,  little  consumption  of 
the  olefin  (<5%)  and  no  epoxide  were  observed.  This  result  indicates  that  the 
epoxidation  reaction  would  not  be  catalytic  in  anhydride. 

A  series  of  experiments  were  carried  out  in  N-methylpyrrolidinone  using 
benzoic  acid,  3-chlorobenzoic  acid  and  3.5-dichlorobenzoic  acid.  The  purpose 
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of  these  experiments  was  to  study  the  regeneration  step  with  increasingly 
electron  withdrawing  substituents.  In  all  instances,  the  decrease  in  octene  In  3 
hours  at  65  °C  was  5%  or  less. 

Since  UHP  provides  a  good  source  of  anhydrous  hydrogen  peroxide  (18) 
and  increases  the  conversion  of  cyclooctene,  attempts  were  made  to  oxidize  1- 
octene  with  this  system.  First,  run  9, 40  mmoles  of  UHP  were  reacted  with  10 
mmoles  of  phthalic  anhydride  in  25  ml  of  NMP  at  40  or  80  ®C.  After  30  minutes, 
4  mmoles  of  1 -octene  were  added  and  the  reaction  mixture  kept  constant.  The 
reaction  at  40  °C  gave  an  18%  decrease  on  the  olefin  and  a  similar  amount  of 
epoxide  after  three  hours.  The  reaction  at  80°C,  run  10,  gave  a  38%  decrease 
on  the  olefin,  but  only  13  percent  epoxide  after  three  hours.  This  difference  is 
due  to  the  reaction  of  phtahalic  acid  and  epoxide  to  form  the  carboxylate  of  the 
diol. 

The  more  facile  reaction  of  sulfides  than  alkenes  with  the  peracid 
generated  in  this  system  Is  readily  understood  in  terms  of  their  nucleophilicity. 
Much  higher  concentrations  of  peracid  are  needed  for  epoxidation  than  for 
sulfide  oxidation.  These  concentrations  are  not  produced  at  room  temperature 
with  phthalic  anhydride  and  50%  aqueous  H2O2  so  little  or  no  reaction  occurs. 
Attempts  to  facilitate  peracid  formation  by  acid  catalysis  also  catalyze  ring 
opening  hydrolysis. 
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Olefin  Epoxidation 


Run  if 


Olefin 

Oxidant 

1-octene 

1.6  mmoles 

H2O2  30% 

1 .6  mmoles 

1  -octene 

1 .6  mmoles 

H2O2  30% 

1 .6  mmoles 

1  -octene 

32  mmoles 

H2O2  50% 

32  mmoles 

1  -octene 

5  mmoles 

H2O2  50% 

3  mmoles 

1  -octene 

6  mmoles 

MgMPP 

2  mmoles 
H202  50% 

3  mmoles 

cyclooctene 

3  mmoles 

H202  60% 

5  mmoles 

cyclooctene 

3  mmoles 

UHP 

5  mmoles 

cyclooctene 

3  mmoles 

UHP 

5  mmoles 

1-octene 

4  mmoles 

UHP 

40  mmoles 

1-octene 

4  mmoles 

UHP 

40  mmoles 

TABLE  3 


Using  in  situ  Generated  Peracids* 


Conversion  |  Yield 


MAnh  9  % 

16  mmole 


PAnh 
16  mmoles 


PAnh 
16  mmoles 


PAnh 
1  mmole 


PAnh 
2  mmole 


PAnh 
2  mmole 


PAc 

2  mmole 


PAnh 
10  mmoles 


PAnh 
10  mmoles 


26% 


20% 


37% 


18% 


38% 


23% 


17% 


13% 


Selectivit 


88% 


85% 


34  %  I  92  % 


18%  1100% 


34% 


a  -  Reactions  performed  at  65  °C  in  10  ml  of  NMP  unless  Indicated, 
b  -  Reaction  run  in  10  ml  of  NMP  at  25  ®C. 
c  -  Reaction  run  in  25  ml  of  NMP  at  40  ®C. 
d  -  Reaction  run  in  25  ml  of  NMP  at  80  ®C. 


CONCLUSIONS 

Thioethers,  such  as  n-butyl  sulfide,  can  be  oxidized  to  the  corresponding 
sulfoxides  and  sulfones  in  the  solvent,  1-methyl-2pyrrolidinone,  using  maleic 
anhydride  to  activate  H2O2  under  ambient  conditions.  When  compared  with  the 


14 


analogous  thioether  oxidations  using  H2O2,  the  addition  of  maleic  anhydride  to 
these  reactions  resulted  in  a  very  pronounced  increase  in  activity.  The  use  of  a 
catalytic  amount  of  the  acid  anhydride  in  reactions  employing  1:1  molar  ratios  of 
H2O2  to  substrate  led  to  nearly  complete  oxidation  of  the  sulfide  in  minutes, 
demonstrating  the  regeneration  of  the  organic  peroxyacid  from  the  carboxylic 
acid  formed  from  the  reaction. 

Catalytic  amounts  of  transition  metal  complex  catalysts  showed  an 
Increase  In  the  activity  of  the  peroxyacid.  These  systems  were  considerably 
more  active  than  the  analogous  metal-catalyzed  reaction  using  the  oxidant, 
H2O2. 

The  amount  of  peracid  existing  in  solutions  of  H2O2  and  carboxylic  acid  is 
low  in  the  absence  of  strong  acids.  For  the  strong  sulfide  nucleophile  this 
amount  is  enough  for  reaction  and  as  the  peracid  is  consumed  this  small  amount 
is  replenished  via  Equation  (3).  In  the  epoxidation  reactions,  this  small 
concentration  leads  to  a  very  slow  reaction.  Since  the  epoxide  production  Is 
slow,  secondary  reactions  of  the  epoxide  can  occur.  If  an  acid  is  added  to 
catalyze  the  peracid  formation  it  also  catalyzes  the  ring  opening  of  the  epoxide 
product.  When  a  buffer  is  added  to  protect  the  epoxide  from  solvolysis,  the 
concentration  of  the  peracid  in  solution  is  decreased. 

An  increase  in  temperature  to  increase  the  rate  and  concentration  of 
peracid  in  solution  generated  from  the  carboxylic  acid  also  leads  to  an  increase 
in  rate  of  the  competing  epoxide  reactions.  Conditions  can  be  found  that  lead  to 
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good  yields  and  selectivities  for  the  stoichiometric  reaction  in  which  peracids  are 
generated  from  anhydrides  reacting  with  H2O2. 


EXPERIMENTAL 

Reagents  and  Equipment 

The  n-butyl  sulfide,  n-butyl  sulfoxide,  n-butyl  sulfone,  diphenyl  sulfide, 
diphenyl  sulfoxide,  diphenyl  sulfone,  and  1-methyl-2-pyrrolidinone  (HPLC 
Grade)  were  obtained  from  Aldrich  Chemical  Company  and  used  as  received. 
The  metal  complexes,  Mo(0)2(acac)2,  C(0)(acac)2,  ReCb,  and  RuCl3-3H20  were 
received  from  Aldrich  Chemical  Company  as  well.  All  other  reagents  and 
solvents  were  obtained  from  Fisher  Scientific  and  used  as  received. 

Product  Analysis 

A  Varian  3700  GC  with  an  FID  and  Hewlett  Packard  3390A  integrator  was 
used  to  analyze  the  products  of  the  sulfide  reactions,  using  a  6  foot  stainless 
steel  column  packed  with  Carbowax  20M  (10%)  on  Chromosorb  WHP  (80/100 
mesh)  for  the  n-butyl  sulfide  oxidations  and  a  6  foot  stainless  steel  column 
packed  with  SE-30  (3%)  on  Gas  Chromosorb  Q  (80/100  mesh)  for  the  diphenyl 
sulfide  oxidations.  All  olefin  reactions  were  carried  out  using  o-dichlorobenzene 
as  an  internal  standard.  Reaction  products  were  analyzed  using  an  HP  5890 
GC.  The  substrate(s)  and  product(s)  were  identified  and  quantified  using  known 
standards. 
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Peroxvmaleic  Acid  Stability 


Maleic  anhydride,  30%  aqueous  H2O2  and  the  solvent  1-methyl-2- 
pyrrolidinone  produces  peroxymaleic  acid,  a  potent  oxygen  atom  transfer  agent. 
This  conversion  is  enhanced  by  the  hydrogen  bonding  of  the  product  water  to 
the  solvent.  The  solvent  1-methyl-2-pyrrolidinone  is  readily  oxidized  by  O2  at  75 
°C  so  its  oxidative  stability  to  peroxy  acids  was  investigated. 

Maleic  anhydride  (1.6g,  1.6  x  10*^  moles)  and  1-methyI-2-pyrrolidinone 
(10  mL)  were  placed  in  a  100  ml  round  bottom  flask  equipped  with  magnetic 
stirring.  After  5  minutes  of  stirring,  H2O2  (4.9  x  10'^  moles,  30%  aqueous 
solution)  was  added  dropwise  to  the  acid  anhydride  solution.  After  1  hour  of 
stirring,  the  colorless  solution  was  stored  under  ambient  conditions.  The 
peroxyacid  solution  was  analyzed  periodically.  Under  ambient  conditions  1.6  x 
10‘^  moles  of  maleic  anhydride  and  4.9  x  10'^  moles  of  H2O2  showed  less  than 
5%  loss  oxidation  titer  over  a  period  of  168  hours.  The  peracid  content  in  the 
solutions  was  determined  as  the  difference  of  the  total  oxidant  content  and  the 
hydrogen  peroxide  content.  These  were  determined  in  separate  titrations  as 
follows.  The  total  oxidant  content  was  determined  using  an  iodomeric  titration. 
Samples  were  withdrawn  and  diluted  in  2-propanol.  A  saturated  solution  of  Nal 
in  2-propanol  and  acetic  acid  are  added  and  the  mixture  is  heated  to  reflux  for 
30  seconds.  The  iodine  is  titrated  with  a  standard  sodium  thiosulfate  solution. 
The  H2O2  content  was  determined  using  a  redox  titration  with  Ce^*,  using  ferroln 
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as  an  indicator.  Samples  were  withdrawn  and  diluted  in  H2SO4 1M  that  was 
cooled  to  0  ®C.  They  were  then  titrated  quickly  with  an  standardized  solution  of 
Ce'^(NH4)4(S04)4  in  2.5M  H2SO4. 

Sulfide  Oxidations 

Maleic  anhydride  (1.6g,  1.6  x  10'^  moles)  and  1-methyl-2-pyrrolidinone 
(5.0  mL)  were  placed  in  a  100  mL  round  bottom  flask  equipped  with  magnetic 
stirring  and  an  N2  atmosphere.  After  5  minutes  of  stirring,  the  appropriate 
amount  of  H2O2  was  added  dropwise  to  the  acid  anhydride  solution.  The 
resulting  colorless  solution  was  stirred  for  1  hour  to  ensure  formation  of  the 
peroxyacid. 

1-Methyl-2-pyrrolidinone  (5.0  ml)  and  n-butyl  sulfide  (0.23  g,  1.6  x  10*’ 
moles)  were  placed  in  a  100  mL  round  bottom  flask  equipped  with  magnetic 
stirring  and  an  N2  atmosphere.  After  30  minutes  of  stirring,  the  previously 
prepared  peroxyacid  solution  was  added  dropwise  to  the  reaction  solution. 
Samples  were  analyzed  periodically  by  GC. 

Catalytic  Maleic  Anhydride 

For  the  catalytic  maleic  anhydride  experiment,  maleic  anhydride,  n-butyl 
sulfide,  and  1-methyl-2pyrrolidinone  were  placed  In  a  100  mL  round  bottom  flask 
equipped  with  magnetic  stirring  and  stirred  for  5  minutes.  Samples  were 
analyzed  periodically  by  GC. 
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Metal  catalyzed  sulfide  oxidations  were  carried  out  by  stirring  maleic 
anhydride  (1.6  g.  1.6  x  10’^  moles)  and  1-methyI-2-pyrrolidinone  (5.0  ml)  in  a 
100  ml  round  bottom  flask  equipped  with  magnetic  stirring  and  an  N2 
atmosphere  for  5  minutes.  H2O2  (4.9  x  10'’  moles,  0.5  mi  of  a  30%  aqueous 
solution)  was  added  dropwise  to  the  solution  and  stirred  for  1  hour.  l-Methyl-2- 
pyrrolidinone  (5.0  ml),  n-butyl  sulfide  (0.23  g,  1.6  x  10’’  moles),  and  the 
appropriate  catalyst  (1.6  x  lO"^  moles)  were  placed  In  a  100  ml  round  bottom 
flask  equipped  with  magnetic  stirring  and  an  N2  atmosphere.  After  30  minutes  of 
stirring,  the  previously  prepared  peroxyacid  solution  was  added  dropwise  to  the 
reaction  solution.  When  30%  H2O2  was  the  oxidant,  it  was  added  dropvwse  to 
the  sulfide-metal  complex  solution  in  NMP.  Samples  were  analyzed  periodically 
byGC. 

Epoxidation  of  Olefins  by  Peracids 

Epoxidation  reactions  were  carried  out  either  on  a  Parr  pressure  bottle  or 
In  a  round  bottom  flask  equipped  with  a  cold  water  condenser.  In  general, 
anhydrides  (1.0  x  10'^  moles)  were  allowed  to  react  with  hydrogen  peroxide  50% 
(3.0  X  1 0'^  moles)  In  10  ml  of  NMP  for  0.5  hours  at  room  temperature.  Then  1- 
octene  (5.0  x  10'^  moles)  was  added  and  the  reaction  flask  placed  in  a  silicon  oil 
bath  at  65  ®C.  The  reaction  was  monitored  by  collecting  samples  periodically 
and  analyzing  by  GC  using  an  internal  standard.  Solutions  of  known 


19 


concentration  were  prepared  and  used  to  construct  calibration  curves  to  permit 
quantitative  determination  of  octene  and  the  corresponding  epoxide. 
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ABSTRACT 

The  nature  and  characteristics  of  the  catalytic  surface  of 
supported  M0O3  catalysts  were  studied.  Changes  that  occurred  on 
oxidizing  alcohols  in  air  over  carbon  and  silica  supported  M0O3 
were  examined.  Structural  data  were  combined  with  electron 
microscopy  and  photoelectron  spectroscopy  to  demonstrate  that  the 
carbon  support  promotes  segregation  and  fragmentation  of  M0O3/ 
whereas  sintering  occurs  on  silica.  Results  indicated  that  this 
may  be  correlated  with  a  synergism  between  the  carbonaceous 
material  and  metal  oxide  which  provides  a  reoxidation  pathway  for 
reduced  Mo,  thus  preventing  formation  of  extended  zones  of  M0O2/ 
which  in  inactive  for  the  oxidation  of  alcohols. 

Keywords:  A.  oxides.  C.  electron  microscopy.  C.  photoelectron 

spectroscopy.  C.  x-ray  diffraction.  D.  microstructure. 
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INTRODUCTION 

In  an  earlier  report  [1]  the  catalytic  activity  of  M0O3  doped 
carbon  molecular  sieves  (CMS)  was  compared  to  unsupported  and 
silica  supported  M0O3.  Catalysts  were  screened  by  studying  the 
oxidation  of  various  alcohols  and  aldehydes,  as  these  reactions  are 
reasonably  well  understood.  Wide  variations  in  activity  and 
selectivity  were  found  between  the  silica  and  CMS  supported 
catalysts.  A  novel  synergism  was  manifested  in  the  M0O3/CMS 
systems  leading  to  an  activity  that  greatly  surpassed  that  of  the 
separate  components  of  the  material.  The  synergism  was  attributed 
to  the  ability  of  the  CMS  to  disperse  and  anchor  the  metal  oxide 
during  catalyst  preparation,  preventing  migration  to  form  larger 
clusters  under  reaction  conditions.  The  higher  activity  obtained 
by  a  larger  and  more  thermally  stable  dispersion  was  slightly 
offset  by  a  decrease  in  selectivity.  The  high  activity  of  M0O3/CMS 
has  also  been  observed  in  independent  studies  [2] . 

There  have  been  several  studies  correlating  the 
characteristics  of  the  support  with  the  activity  and  selectivity  of 
the  active  phase  [3-7] .  It  has  been  shown  that  the  TOF  (turn  over 
frequency)  of  the  surface  molybdenum  oxide  species  varies  by  a 
factor  of  10  when  different  supports  are  used.  The  differences 
appear  to  be  related  to  a  property  of  the  support-molybdenm  oxide 
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overlayer  interaction  rather  than  the  structure  of  the  molybdenum 
oxide  surface  species  [6],  It  has  been  shovm  that  the  molecular 
structure  of  the  surface  molybdenum  oxide  is  a  distorted  mono-oxo 
octahedral  species  [7]  and  is  independent  of  the  molybdenum  oxide 
precursor  and  the  support  used.  Research  suggests  that  the  oxide 
support  acts  as  a  very  important  ligand  for  the  surface  metal  oxide 
and  that  its  reducibility  is  a  critical  parameter  in  the  redox 
activity  of  the  supported  metal  oxide  [6],  Sintering  appears  to 
occur  in  MoOa/SiOi  catalysts,  leading  to  the  growth  of  crystallite 
size  and  siabsequent  deactivation  of  the  catalyst  as  the  surface 
area  of  the  active  phase  decreases.  Sintering  is  believed  to  be 
due  to  poor  interaction  between  M0O3  and  Si02  [5],  which  is  unlike 
other  support  materials  that  interact  strongly  with  the  active 
phase  [8-10] .  This  poor  interaction  does  not  preclude  the 
formation  of  molybdenum  silicate  at  the  metal  oxide/silica 
interface,  but  may  be  limited  to  that  through  interaction  of  Mo  (IV) 
with  the  silica. 

In  contrast  to  the  functionalities  present  on  other  common 
supports,  CMS  are  characterized  by  a  very  high  microporosity  and 
the  absence  of  oxide  species  to  react  with  the  active  phase,  i.e. 
M0O3.  Further,  unlike  silica  CMS  are  known  to  undergo  redox 
cycling  [11]  .  Therefore,  the  use  of  CMS  can  provide  a  unique 
metal-support  interaction  resulting  in  enhanced  activity  [1]  and 


5 

very  different  surface  properties.  Our  previous  work  has 
demonstrated  that  the  reaction  conditions  for  oxidation  of  alcohols 
and  aldehydes  have  little  effect  on  the  surface  morphology  of 
M0O3/CMS.  In  this  study,  we  will  further  demonstrate  the  unique 
features  of  M0O3/CMS  which  makes  it  an  excellent  catalyst  for  these 
and  similar  reactions.  M0O3/CMS  will  be  compared  to  bulk  M0O3  and 
Mo03/Si02  before  and  after  reaction.  Catalytic  activity  of  none  of 
these  materials  will  be  presented  as  they  have  been  already 
documented  in  the  literature  [1] . 

EXPERIMENTAL 

Materials.  The  CMS  support  (AX21)  was  obtained  from  Anderson 
Development  Co.  (2800-3500  mVg) ,  and  was  heated  in  vacuo  for  8  hr 
at  100  °C.  The  material  consisted  (w/w)  of  91%  C;  6.2%  O;  less 
than  1%  N,  S,  and  H;  and  1.8%  K.  Davison  grade  62  silica  was 
obtained  from  W.R.  Grace  and  had  a  surface  area  of  340  m^/g.  M0O3 
was  obtained  from  Aldrich.  All  materials  were  used  without  further 
purification. 

Catalyst  Preparation  and  Reaction  Conditions.  A  15%  (w/w 
M0O3)  catalyst  dopant  level  was  prepared  by  refluxing  a  mixture  of 
the  support  and  the  required  mass  of  ammonium  molybdate  in  water 
for  6  hr.  The  Davison  silica  gel  was  acid  washed  with  IM  HCl  prior 
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to  use  in  order  to  remove  alkali  impurities  present  on  the  silica 
which  are  known  to  effect  alcohol  oxidation  activity  and  the 
support-molybdenum  oxide  interaction  [12,  13] .  The  H2O  was  then 

removed  by  rotary  evaporation  to  dryness  followed  by  drying  in 
vacuo  at  100  °C  for  8  hr  to  give  the  fresh  catalyst  (pre-catalyst)  . 

The  catalysts  were  then  used  to  catalyze  the  oxidation  of  methanol 
as  follows:  0.5  g  of  catalyst  was  placed  in  a  fixed  bed  flow 

reactor,  N2  at  5  ml/min  was  flowed  through  the  reactor  as  it  was 
heated  to  250  °C,  N2  was  switched  to  air  at  the  same  flow  rate, 
methanol  at  a  flow  rate  of  0.2  mL/hr  was  delivered  via  a  syringe 
pump  when  N2/O2  reached  4,  and  the  reaction  was  run  for  10  hours. 
The  used  catalyst  (post-catalyst)  was  recovered  from  the  reactor 
and  stored  under  normal  atmospheric  conditions  prior  to  analysis. 
Notice  that  15%  (w/w  M0O3)  on  Si02  corresponds  to  an  atom  %  Mo  of 
2.2%,  while  15%  (w/w  M0O3)  on  CMS  corresponds  to  an  atom%  Mo  of 
1.4%. 

Analysis  and  Characterization.  Scanning  Electron  Microscopy 
(SEM)  was  performed  with  a  Jeol  JSM  35C  electron  microscope  using 
an  acceleration  voltage  of  25  kV.  Studies  were  done  at  several 
magnifications,  and  micrographs  at  6000X  are  reported  here.  X-ray 
powder  Diffraction  (XRD)  analysis  was  done  on  a  GE  3000  instrument 
using  Cu-alpha  radiation.  X-ray  Photoelectron  Spectroscopic  (XPS) 
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analysis  was  carried  out  on  a  Kratos  XS7\M  800  spectrometer/  using 
unmonochromatized  A1  Ka  radiation  (15  kV  and  12  mA)  .  For  the  XPS 
experiments,  each  sample  was  prepared  by  first  crushing,  then 
pressing  the  powdered  material  onto  the  adhesive  side  of  aluminum 
tape  (Ted  Pella,  Inc.);  the  tape  was  then  mounted  on  a  quick 
insertion  probe  for  introduction  into  the  analysis  chamber  of  the 
spectrometer.  Spectra  were  collected  in  the  fixed  analyzer 
transmission  mode  using  high  magnification  and  medium  resolution. 

A  small  area  (0.25  mm  x  0.25  mm)  was  used  for  analysis  as  several 
samples  were  insulators  and  quickly  developed  a  surface  charge 
after  the  start  of  photoemission.  Typical  methods  for  elimination 
of  surface  charging  could  not  be  used  as  they  would  have  caused 
reduction  of  M0O3.  Bulk  M0O3  was  etched  with  a  rastered  Ar*  beam 
(5  keV,  <  5  pA  cm"^)  . 


RESULTS  AND  DISCUSSION 

SEM,  XRD  and  XPS  analyses  were  conducted  on  samples  of  bulk 
M0O3,  Mo03/Si02  and  M0O3/CMS  before  and  after  they  were  employed  in 
catalytic  reactions.  To  ensure  consistency  these  measurements  were 
performed  on  samples  from  the  same  preparative  and  catalytic  batch. 

Because  the  silica  consists  of  fine  particulates  resembling  finely 
crushed  glass,  molybdenum  oxide  is  confined  to  the  surfaces  of  the 
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particulates,  where  it  may  exist  as  particles  or  as  thin  films. 
The  CMS  substrate  consists  of  small  spheres,  which  have  many  pores. 

The  walls  of  the  pores  constitute  a  so-called  hidden"  surface. 
Thus,  in  principle  molybdenum  oxide  may  exist  as  particles  on  the 
visible  surface,  as  particles  on  the  "hidden"  surface,  as  thin 
films  on  the  visible  surface,  as  thin  films  on  the  "hidden"  surface 
or  as  plugs  completely  filling  the  pores.  SEM  enables  a  visual 
observation  of  changes  that  occur  at  the  visible  surface  of  the 
various  samples  during  the  course  of  the  reaction.  XRD  affords  an 
analysis  of  bulk  changes  that  occur  as  a  result  of  composition  and 
metal  crystallite  size.  XPS  provides  a  detailed  examination  of  the 
surface  oxidation  states  at  the  visible  surface  of  the  various 
components . 

SEM  Studies 

In  Figure  1,  the  SEMs  (6000  X)  of  bulk  M0O3  are  shown.  Cigar¬ 
shaped  crystallites  are  seen  in  the  micrograph  of  the  fresh 
catalyst.  The  used  catalyst  shows  evidence  of  a  large  degree  of 
sintering  and  crystal  growth.  Figures  2  and  3  display  the 
micrographs  of  MoOa/SiOj  and  M0O3/CMS  respectively  before  and  after 
catalytic  experiments.  The  areas  under  observation  are  the  same 
for  all  four  samples.  These  micrographs  allow  us  to  examine  the 
particle  morphology,  the  projected  particle  sizes  and  the  particle 
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number  density  at  the  visible  surface  of  the  substrates.  For  the 
fresh  Mo03/Si02  catalyst,  100  particles  are  counted  on  that  area, 
while  for  the  used  MoOs/SiOa  catalyst,  only  36  particles  are  found. 

The  histograms  for  the  projected  particle  size  distributions  of 
the  two  samples  are  shown  in  Figure  4.  Each  is  bivariate,  because 
most  of  the  particles  are  ellipsoidal.  From  Figure  4a,  it  is 
evident  that  most  of  the  particles  have  dimensions  <  2500  A,  in 
fact  the  mean  value  for  the  longest  dimension  is  2042  A,  while  the 
mean  value  for  the  shortest  dimension  is  1524  A.  By  contrast,  from 
Figure  4b,  it  is  evident  that  the  particles  are  much  larger.  The 
mean  values  for  the  dimensions  are  8179  A  and  6066  A,  respectively. 
Both  the  particle  number  density  and  the  particle  size  distribution 
changes  show  that  on  reaction,  extensive  agglomeration  of  the  metal 
oxide  occurs  on  the  silica  surfaces.  These  results  are  consistent 
with  previous  studies  which  show  the  aggregation  on  M0O3  when 
supported  on  Si02  in  methanol  oxidation  [12] .  The  extent  of 
aggregation  of  M0O3  on  supports  is  linked  to  the  strength  of  the 
Mo03-support  interaction  and  Si02  interacts  weakly  with  M0O3  [3] . 

For  the  fresh  M0O3/CMS  catalyst,  30  particles  are  counted  on 
the  area,  while  for  the  used  M0O3/CMS  catalyst,  148  particles  are 
counted.  The  histograms  for  the  particle  size  distributions  of 
these  two  samples  are  shown  in  Figure  5.  From  these  histograms,  it 
is  evident  that  the  larger  particles  are  found  on  the  fresh 
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catalyst.  The  mean  dimensions  of  the  particles  on  the  fresh 
catalyst  are  10068  A  and  5760  A,  respectively.  On  the  used 
catalyst,  the  mean  particle  dimensions  are  4899  A  and  2636  A.  Both 
the  particle  number  density  and  the  particle  size  distribution 
changes  show  that  on  reaction,  fragmentation  of  the  metal  oxide 
occurs  on  the  O^S  surfaces.  We  never  encountered  a  continuous  film 
of  molybdenum  oxide  on  any  of  the  CMS  spheres.  Likewise,  we  never 
observed  complete  pore  filling,  although  we  have  seen  examples  of 
metal  oxide  particles  protruding  from  pore  openings.  Since  the 
walls  of  the  pores  are  expected  to  have  a  hydrophobicity  which  is 
equal  to  or  greater  than  that  of  the  visible  surface,  the  metal 
oxide  on  the  "hidden"  surface  should  also  be  particulate.  Overall, 
the  observations  for  bulk  M0O3  and  Mo03/Si02  are  substantially 
different  from  those  for  M0O3/CMS. 

XRD 

X-ray  Powder  Diffraction  studies  were  used  to  identify  the 
crystalline  nature  and  phase  of  the  metal  oxide  particles.  In 
Figure  6  is  shown  the  diffraction  patterns  for  fresh  and  used 
Mo03/Si02.  In  both  cases  we  see  a  set  of  relatively  narrow  lines 
superimposed  upon  a  background  of  very  broad  maxima.  The 

background  is  typical  of  the  diffraction  pattern  expected  for  non¬ 
crystalline  silica,  since  the  broad  band  at  20  -  27°  is  the 
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characteristic  d  =  3.34  A  line  for  quartz.  The  narrow  lines  are 
due  to  a  polycrystalline  phase  present  in  the  sample.  On  the  fresh 
catalyst,  it  is  possible  to  identify  a  line  due  to  M0O2  [14], 
[Oil],  and  several  lines  ([021],  [131],  [060]  and  [150])  which 
belong  to  M0O3  [15] .  Since  only  the  most  intense  line  for  M0O2  is 
seen,  M0O3  is  the  predominant  form  of  the  metal  oxide.  For  the 
used  Mo03/Si02  catalyst,  it  is  evident  that  only  M0O2  is  detectable. 

A  peak  at  20  =  13.09°  is  seen  on  the  fresh  catalyst,  but  not  on 

the  used  catalyst.  Likewise,  peaks  at  20  ~  44.5°  are  observed  on 
both  the  fresh  and  the  used  catalysts.  These  peaks  could  not  be 
assigned  to  any  molybdenum  oxides  with  known  diffraction  patterns. 

Because  the  metal  oxide  lines  for  the  used  catalyst  are  more 
intense  than  those  for  the  fresh  catalyst,  the  metal  oxide 
particles  on  the  used  catalyst  have  greater  crystalline  order  than 
those  on  the  fresh  catalyst.  In  Figure  7,  the  diffraction  patterns 
for  fresh  and  used  M0O3/CMS  are  shown.  Again  we  see  sets  of  narrow 
lines  superimposed  upon  a  background  of  broad  maxima.  The 
background  is  typical  of  the  diffraction  pattern  expected  for  non¬ 
crystalline  carbon,  since  the  broad  band  at  20  ~  21°  is 
characteristic  of  the  (0002)  line  for  graphite.  With  the  exception 
of  the  starred  peaks,  all  of  the  peaks  for  the  fresh  catalyst  can 
be  assigned  to  M0O3  or  to  the  defect  M0O3  oxides  (M04O11,  Moe023  or 


MOgOje)  [  15]  . 
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For  the  used  M0O3/CMS  catalyst,  only  one  peak  could 
be  assigned  -  it  corresponds  to  four  overlapping  lines  of  the 
defect  oxide  Mo9026*  At  the  5%  significance  level,  the  other  peaks 
can  not  be  assigned  to  any  of  the  molybdenum  oxides  for  which 
diffraction  data  is  available.  We  note  that  there  is  no 
diffraction  data  for  defect  oxides  with  stoichiometries  less  than 
M0O2.75.  One  of  the  starred  peaks  occurs  at  20  =  14.29°;  it  is 
present  only  on  the  fresh  CMS  catalyst.  The  other  starred  peaks, 
one  in  the  fresh  catalyst  diffractogram  and  the  other  in  the  used 
catalyst  diffractogram,  occur  at  20  -  44.5°.  Low  angle  starred 
peaks  occur  only  on  the  fresh  silica  or  fresh  CMS  catalysts. 
Therefore,  the  component  responsible  for  it  is  stable  above  100°  C, 
but  not  at  250°  C.  It  is  likely  a  hydrated  species.  The  higher 
angle  line  must  represent  a  component  which  is  stable  at  250°  C. 
An  example  of  such  a  component  would  be  a  hydroxide  containing 
compound.  The  reactants  contain  only  trace  impurities,  so 
impurities  cannot  be  the  source  of  these  peaks.  On  comparing  the 
silica  and  CMS  results,  we  conclude  that  the  particles  on  the  used 
silica  catalyst  are  more  reduced  than  those  on  the  used  CMS 
catalyst . 
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XPS  Studies 

x-ray  photoelectron  Spectroscopy  was  used  to  investigate  the 
nature  of  molybdenui.  on  the  surface  of  the  supports,  and  to  compare 
its  oxidation  state  with  that  in  the  bulk  MoO,.  Five  different 
samples  were  analyzed:  bulk  Mo0„  Mo03/SiOa  before  and  after 

reaction,  and  M0O3/CMS  before  and  after  reaction.  A  doublet  always 
appears  for  the  Mo  3d  orbital,  because  of  spin  orbit  coupling  to 
produce  3dv:  and  3d3,:  electronic  states.  The  energy  separation 
between  these  two  states  is  fairly  constant  and  lies  within  the 
range  of  3.0  to  3.2  eV,  along  with  a  relative  intensity  ratio  of 
1.5-1. 9  to  3*, 2).  These  parameters  were  used  to  fix  the 

boundary  conditions  on  peaks  constrained  as  doublets  in  the  peak 
synthesis  algorithm.  The  peak  synthesis  algorithm  automatically 
subtracts  the  default  background  from  the  synthesis  window.  A 
Shirley  background  was  used  as  the  default,  except  for  the  sp 
of  MoOj/SiOj.  Instead  of  increasing  from  low  binding  energy  to  high 
binding  energy,  the  background  in  these  spectra  decrease  from  low 
binding  energy  to  high  binding  energy.  A  linear  background  was 
used  as  the  default,  but  the  spectra  are  still  distorted.  The  main 
result  is  that  the  highest  binding  energy  peak  is  significantly 
truncated.  In  subsequent  discussion,  only  the  Mo  3d5/!  peak  will  be 
described  as  this  information  will  be  sufficient  to  fully  describe 
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the  particular  oxidation  state  and  coordination  of 
the  metal  ion.  Atom  percentages  have  been 
calculated  from  the  equation 


%j  =  -^  100, 

Oi 


where  Ai  and  Aj  are  time  normalized  peak  areas  and  Oi 
and  Oj  are  Scofield  photoionization  cross  sections 
[16] .  Atom  ratios  are  calculated  from  the  equation 


atomsj  _  Gj 
atomSk  ^ 

Gk 


(2) 
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The  Mo  3d  level  for  bulk  M0O3  (Figure  8)  may  be  resolved  into 
two  doublets.  Assignments  and  binding  energies  associated  with  the 
two  different  Sds/a  peaks  are  given  in  Table  1.  The  3d5/2  peak  at 
232.5  eV  matches  exactly  the  value  of  232.310.4  eV  for  charge 
compensated  Mo (VI)  [17-34].  No  Mo  3d  peaks  with  binding  energies 
between  236  eV  and  240  eV  have  been  reported  in  the  literature 
except  for  samples  [5]  with  charged  surfaces  [17,  18] .  The  Mo  3d5/2 
peak  at  236.7  eV  may  therefore  be  attributed  to  Mo (VI)  on  charged 
sites,  leading  to  a  charging  effect  in  the  metal  oxide  of  4.2  eV. 
There  is  a  strong  correlation  with  the  O  Is  spectrum  where  two 
peaks  are  observed  with  a  separation  of  4.4  eV.  The  binding  energy 
of  charge  compensated  0  Is  is  given  as  530.210.5  eV  in  the 
literature  [25,30,34]  and  corresponds  with  one  of  the  peaks 
observed  in  the  experiment  (530.4  eV) .  Charging  and  non-charging 
sites  occur  because  x-ray  irradiation  of  bulk  M0O3  (  a  narrow 
bandgap  insulator  with  Eg  =  2.8  eV  [35]  )  produces  a  hidden  layer 
of  defect  oxide  [31],  which  is  conducting.  On  bombardment  of  the 
surface  of  M0O3  with  Ar'^  particles,  a  large  amount  of  M0O2,  a 
conducting  oxide,  is  formed.  However,  M0O3  is  never  completely 
lost  from  the  surface.  The  peak  synthesis  of  the  Mo  3d  level  gives 
three  sets  of  doublets,  one  set  due  to  Mo (VI)  and  the  other  two 
sets  due  to  reduced  forms  of  M0O3  (Figure  8b  and  Table  la) .  In 
agreement  with  the  literature,  the  doublet  with  3d5/2  at  228.8  eV  is 
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assigned  to  Mo{IV)  in  crystalline  M0O2.  The  doublet  with  3ds/2  fit 
230.4  eV  may  be  attributed  to  either  nondiscrete  Mo (IV)  oxide  [34] 
or  a  paired  double-bonded  Mo (IV)  [36,  37) .  These  results  are 
important  in  characterizing  the  metal  oxide  present  in  used 
MoOa/SiO^  • 

Because  Si02  is  a  wide  bandgap  insulator,  Eg  =  11  eV  [35],  all 
sites  on  Mo03/Si02  are  charge  shifted  by  a  factor  of  -4.3  eV.  The 
results  are  shown  in  Figure  9  and  summarized  in  Table  lb.  There 
are  clearly  two  non-equivalent  forms  of  molybdenum  on  the  surface 
of  the  fresh  catalyst.  Implying  a  charge  compensation  of  -4.3  eV, 
the  peaks  associated  with  Mo  3d5/2  match  perfectly  those  assigned  to 
Mo  (VI)  and  nondiscrete  Mo (IV)  oxide  or  paired  double-bonded  Mo  (IV)  . 

There  are  also  two  chemically  inequivalent  substrate  sites,  one 
with  Si  2s  at  158.7  eV,  0  Is  at  537.8  eV  and  0/Si  atom  ratio  =  2.7 
and  the  other  with  Si  2s  at  160.3  eV,  0  Is  at  539.0  eV  and  0/Si 
ratio  =  2.0.  These  shall  be  referred  to  as  substrate  sites  (I)  and 
substrate  sites  (II),  respectively.  The  two  sites  occur  in  almost 
equal  amounts  —  46%  sites  (I)  and  54%  sites (II).  Using  equation 
1,  the  atom%  Mo  is  calculated  to  be  1.2%,  a  value  which  is  smaller 
than  that  expected  on  the  basis  of  the  catalyst  preparation  (2.2%). 

This  result  shows  that  the  molybdenum  oxide  is  not  completely 
dispersed  on  the  support,  and  is  consistent  with  the  presence  of 
the  ellipsoidal  crystallites  seen  in  the  SEM  studies.  The  used 


catalyst  has  three  sets  of  Mo  3d  doublets  (Figure  9b),  the  new 
doublet  being  Mo  (IV)  as  crystalline  MoO.  The  formation  of 

•  nnt  due  to  reduction  of  M0O3  by  x-ray 
crystalline  M0O2  is  not  du 

V  attributable  to  it  should  have  been  seen 
irradiation,  else  a  peak  attributable  r 

for  the  fresh  catalyst.  «  also  is  unlilcely  that  it  is  due  to 
radiation  enhanced  diffusion  of  crystalline  MoO.  to  the  surface, 
aince  that  should  also  have  been  seen  for  the  fresh  catalyst, 
therefore,  crystalline  MoO,  nust  have  been  produced  by  reduction  of 
HOC,  or  by  crystallisation  of  nondiscrete  .olybdenu.  (IV)  oxide  (or 
pair  double-bonded  Mo  (IV))  during  the  course  of  the  catalyse 
reaction.  The  observation  is  consistent  with  the  fact  that 
Shows  greater  crystalline  order  for  the  used  catalyst  than  for  the 
fresh  catalyst.  Dbout  34%  of  the  Mo  present  at  the  surface  exists 

-  , ,  •  Mon  The  relative  amounts  of  substrate  sites  (I) 
as  crystalline  M0O2.  -ine  rexau 

v.  1-n  33%  and  67%  respectively;  as  does  the 

and  (ID  also  changes,  to  33%  ana  o 

^  ^  _  n/qi  =  0.8  for  sites (I)  0/Si  -  2. 

composition  of  the  sites 

4-  ^  -ic:  1  4%,  which  is  not  significantly 

for  sites  (II).  The  atom%  Mo  is  1.4%, 

^  T  9a  Thus  the  dispersion  at  the  support  surface 

different  from  1.2%.  Thus,  rne  u  y 

does  not  change.  This  is  not  inconsistent  with  the  SEM  results. 
Where  large  bloOcs  of  particles  were  formed  by  agglomeration.  It 
merely  means  that  two  or  more  smaller  particles  form  a  single  large 
particle  by  joining  at  their  boundaries  without  chang 


■PI  S'*-  risrtirlGs  do  not  join  to  form  spherical 
morphology,  e.g.  flat  particles  oo  nuu  j 

particles . 

in  contrast  to  bulk  MoO,  and  SiO„  CMS  is  highly  conducting,  so 
peaks  will  not  be  charge  shifted.  Figure  10  shows  the  Mo  3d 
spectra  lor  both  fresh  and  used  catalysts,  where  it  is  evident  that 
a  single  doublet,  due  to  Mo<VI)  occurs.  For  the  fresh  catalyst, 
the  atom%  Mo  is  1.51,  in  good  agreement  with  the  value  expected  on 
the  basis  of  the  preparation  (1.4%).  For  the  used  catalyst,  the 
atom%  Mo  has  increased  to  2.6*.  This  indicates  a  segregation  of 
molybdenum  oxide  to  the  surface. 


CONCLUSIONS 


Based  on  the  atom*  Mo  at  the  surfaces  of  used  MoOj/SiO*  and 
MoO,/CMS,  the  latter  catalyst  would  be  expected  to  be  almost  twice 
as  active  as  the  former.  The  greater  number  of  particles  observed 
on  the  used  CMS  catalyst  seems  to  be  due  to  fragmentation  and 
surface  segregation.  If  oxidised  sites  on  CMS  act  as  "binding" 
regions  for  metal  oxide  particles,  than  perhaps  air  exposure  at 
260'  C  creates  more  such  sites  on  CMS,  which  leads  to  fragmentation 
of  large  particles.  By  contrast,  agglomeration  occurs  on  silica 
due  to  loss  of  silanol  groups  under  the  same  circumstances. 


Furthermore, 


the  differences  in  particle  sizes 


for  the  two  used 
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catalysts  shows  that  more  of  the  oxide  is  particle  surface  oxide 
for  the  CMS  catalyst  than  for  the  silica  catalyst.  This  would  also 
lead  to  greater  activity  for  the  CMS  catalyst.  Also#  there  could 
be  significant  numbers  of  metal  oxide  particles  on  the  "hidden" 
surface  of  M0O3/CMS,  which  XPS  cannot  see.  Since  gas  molecules 
will  have  access  to  pores,  another  enhancement  in  activity  would 
result.  It  appears  that  under  the  reaction  conditions  there  is 

reduction  of  molybdenum,  which  is  an  important  step  in  the 

catalytic  cycle.  The  CMS  support  in  M0O3/CMS  may  provide  a  facile 

pathway  for  reoxidation  [38]  of  molybdenima  back  to  Mo (VI).  Thus, 
the  M0O3/CMS  is  able  to  produce  a  sustained  activity,  whereas 

MoOs/SiOa  gradually  deactivates  as  the  crystallites  of  M0O3  are 
gradually  converted  to  relatively  stable  crystalline  M0O2,  which  is 
not  catalytically  active  for  the  oxidation  of  alcohols.  The 
carbons  have  been  shown  to  undergo  redox  chemistry  in  the  oxidative 
dehydrogenation  of  ethyl  benzene  [11].  Synergism  between  this 
support  reactivity  and  the  redox  chemistry  of  M0O3  provides  a 
unique  oxidation  catalyst  system. 

Carbonaceous  systems  are  particularly  difficult  to 
characterize.  The  combination  of  the  analytical  techniques 
presented  here  —  SEM,  XRD,  and  XPS  —  provide  complementary 
information  for  characterizing  heterogeneous  catalytic  materials. 

A  view  of  the  working  catalyst  results  from  these  studies.  The 
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experimental  data  clearly  shows  that  there  is  a  synergistic 
relationship  between  the  M0O3  dopant  and  the  CMS  support  that  does 
not  exist  on  the  silica  supported  material.  The  results  from  this 
study  verify  that  the  support-MoOa  interaction  varies  from  support 
to  support  and  effects  the  methanol  oxidation  activity.  Some  of 
the  results  were  unexpected.  For  example,  the  SEM  results 
suggesting  particle  fragmentation  was  a  surprise,  because  heat  and 
pressure  are  well  known  as  agents  for  inducing  agglomeration  of 
particles.  The  fact  that  carbon  supports  undergo  redox  cycling  in 
the  oxidative  dehydrogenation  of  ethylbenzene  [11]  supports  our 
conclusions  concerning  the  activity  of  these  molybdena  catalysts. 
It  is  possible  that  CMS  may  catalyze  radical  reactions  or  the 
reoxidation  of  reduced  molybdenum  species  in  this  system.  The 
physical  properties  of  CMS  materials,  i  •  o *  surface  area,  metal 
oxide  interaction  and  adsorption  capability,  are  probably  the  most 
significant  contributors  to  the  unique  properties  of  M0O3/CMS. 
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Table  1.  XPS  Binding  Energies  an  Peak  Assignments  for  Mo  3d5/2 
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FIGURE  CAPTIONS 


Figure  1  -  SEM  of  bulk  Mo03  (a)  before  and  (b)  after  (used) 
reaction. 

Figure  2  -  SEM  of  Mo03/Si02  (a)  before  (fresh)  and  (b)  after 
(used)  reaction. 

Figure  3  -  SEM  of  Mo03/CMS  (a)  before  (fresh)  and  (b)  after 
(used)  reaction. 

Figure  4  -  Particle  size  distribution  for  Mo03/Si02  (a)  before 
(fresh)  and  (b)  after  (used)  reaction. 

Figure  5  -  Particle  size  distribution  for  Mo03/CMS  (a)  before 
(fresh)  and  (b)  after  (used)  reaction. 

Figure  6  -  XRD  powder  patterns  for  (a)  fresh  and  (b)  used 

Mo03/Si02.  The  powder  pattern  for  Mo02  is  overlaid  on 
the  pattern  in  (b)  . 

Figure  7  -  XRD  powder  patterns  for  (a)  fresh  and  (b)  used 


MO03/CMS. 


Figure  8  -  XPS  ofthe  Mo  3d  orbitals  of  bulk  Mo03  (a)  fresh  and 
(b)  after  60  minutes  sputter  with  Ar+.  The  lower 
figures  are  the  curve  fitted  results.  The  doublets 
found  for  the  3d  orbitals  for  each  type  of  Mo  are 
marked:  2-Mo  (VI)  on  a  non-charging  site,  3-crystalline 

Mo02  on  a  non-charging  site,  and  4-nondiscrete  Mo  (IV) 
or  paired  double  bonded  Mo  (IV)  on  a  non-charging  site. 
The  curve  fitted  values  for  the  3d5/2  peaks  are 
summarized  in  Table  la. 

Figure  9  -  XPS  of  the  Mo  3d  orbitals  of  (a)  fresh  and  (b)  used 
Mo03/Si02.  The  doviblets  foxmd  for  the  3d  orbitals  for 
each  Mo  are  marked:  1-Mo (VI)  on  a  charging  site,  2- 
nondiscrete  Mo  (IV)  or  paired  double  bonded  Mo (IV)  on  a 
charging  site,  and  3-crystalline  Mo02  on  a  charging 
site.  The  binding  energies  of  the  3d5/2  peaks  are 
summarized  in  Table  lb. 

Figure  10  -  XPS  of  the  Mo  3d  orbitals  of  (a)  fresh,  and  (b) 
used  Mo03/CMS.  The  doiJblet  associated  with  the  3d 
orbital  of  Mo  (VI)  is  marked.  The  binding  energies  of 
the  3d5/2  peaks  are  summarized  in  Table  Ic. 
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ABSTRACT 


Sodium  molybdate,  copper^^  molybdate,  and  sodium  txmgstate  doped  into  the 
carbonaceous  adsorbent  Ambersorb®  572  produced  very  effective  catal)d.ic  systems  for 
the  oxidation  of  the  mustard  simulant  ethylphenyl  sulfide  and  the  ethylphenyl  sulfide 
intermediate  to  ethylphenyl  sulfone.  Complete  conversion  to  the  corresponding  sulfone 
occurs  using  H2O2  as  the  oxidant  in  a  matter  of  minutes.  The  novel  feature  of  these 
catalysts  is  that  they  fimction  under  basic  conditions  where  base  catalyzed  hydrolysis 
reactions  can  be  employed  for  agent  destruction. 
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INTRODUCTION 


The  use  of  porous  carbons  as  catalyst  supports  is  an  emerging  area  in  catalysis 
(1-3).  These  carbons  are  themselves  redox  active  catalysts  (la)  and  addition  of  metals 
and  metal  oxides  lead  to  synergistic  interactions  which  catalyze  a  variety  of  reactions, 
e.g.,  the  low  temperature  oxidation  of  methanol  (Ic),  the  deep  oxidation  of  chlorinated 
hydrocarbons  (Id),  the  deep  oxidation  of  hydrocarbons  and  the  decomposition  of  NO 
(Ih). 

Recently,  we  have  reported  (4)  that  porous  carbons,  pore  filled  with  solid  NaOH 
retain  nearly  all  the  NaOH  when  stirred  for  5-10  minutes  in  water.  These  materials 
are  effective  base  catalysts  for  Michael  reactions,  the  reaction  of  chalcone  with 
nitromethane,  and  vapor  phase  aldol  condensations.  Recent  reports  also  indicate  that 
metal  substituted  polyoxometallates  are  effective  catalysts  for  the  oxidation  of  mustard 
analogs  by  t-butylhydroperoxide  (5)  and  can  be  supported  (5c)  on  porous  carbons  to 
produce  heterogeneous  catalysts. 

Poroxis  carbons  have  fovmd  applications  in  the  adsorption  of  chemical  warfare 
(cw)  agents  from  personnel  and  small  equipment  (6).  It  would  be  desirable  if  the 
absorbed  materials  could  be  destroyed  catalytically.  A  catal3diic  adsorbent  could  find 
widespread  utility  in  decontamination  as  well  as  in  cw  agent  stockpile  reduction.  The 
reaction  chemistry  of  nerve  agents  is  similar  to  that  of  insecticides,  so  catal3d;ic 
adsorbents  could  also  find  applications  in  the  remediation  of  these  contaminants. 

Mustard  (HD;  (C1CH2CH2)2S)  is  destroyed  by  oxidation  (6)  and  G-nerve  agents 
are  destroyed  by  hydrolysis  which  is  base  catalyzed  by  nucleophilic  attack  at 
phosphorus  (6).  For  environmental  concerns,  H2O2  and  O2  constitute  the  most  desirable 
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oxidants.  Unfortunately,  in  most  systems  the  basic  conditions  favorable  for  catalysis  of 
hydrolysis  reactions  inhibit  oxidations  by  peroxide. 

Molybdenvim  and  tvmgsten  compounds  activate  hydrogen  peroxide  in 
homogeneoxis  solution  to  oxidize  a  variety  of  substrates  including  organic  sulfides  (7). 
Mo042-  is  also  a  remarkable  nucleophile  (8)  with  a  second  order  rate  constant  35  times 
that  of  phosphate  for  the  hydrolysis  of  p-nitro-phenylacetate  in  spite  of  phosphate 
having  a  1000-fold  larger  basicity.  This  research  demonstrates  that  absorbent  carbons, 
pore  filled  with  molybdate  and  timgstate  ions,  are  very  effective  catalysts  for  the 
oxidation  of  sulfides  with  30%  aqueous  H2O2.  The  novel  feature  of  these  catalysts  is 
that  they  cany  out  oxidations  under  basic  conditions  where  G-agents  would  also 
imdergo  catalyzed  hydrolysis. 

RESULTS  AND  DISCUSSION 

The  oxidations  were  carried  out  by  adding  Ambersorb®  572  (A-572)  (0.5  g) 
containing  the  catalyst  (1%  by  mass  in  the  support)  to  a  solution  of  the  sulfide  (0.1  ml; 
0.7  millimoles)  in  solvent  (1.5  ml)  containing  0.2  ml  of  30%  H2O2  (2.0  millimoles).  The 
solution  was  stirred  for  six  minutes  at  ambient  conditions,  filtered,  and  analyzed  by 
G.C.  In  a  random  selection  of  experiments  with  active  catalysts,  the  solid  beads  were 
crushed,  extracted,  and  foxmd  to  contain  adsorbed  svilfone,  but  no  sulfide.  Table  1 
summarizes  the  results  for  catalyzed  oxidation  of  the  mustard  simulant,  C2H5SCeH5 
(EtSPh). 

The  first  three  entries  in  Table  1  are  blank  nms.  The  effectiveness  of  the 
molybdate  catalyst  is  seen  in  the  homogenous  oxidation  where  complete  oxidation 
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occvirs  with  0.033  millimoles  of  catalyst  in  less  than  six  minutes  at  ambient  conditions. 
When  Na2Mo04*2H20  is  added  to  A-572  by  either  reflux  or  pore  filling  techniques,  a 
very  effective  catalyst  results.  The  0.02  millimoles  of  molybdate  in  the  0.5  g  of  catalyst 
oxidize  0.7  millimoles  of  sulfide  to  sulfone  in  six  or  less  minutes  giving  at  least  70 
turnovers  per  minute  for  the  heterogeneous  reaction.  In  one  experiment,  complete 
conversion  was  observed  in  three  minutes  exceeding  140  turnovers  per  minute.  The 
final  solutions  were  not  analyzed  for  residual  H202,but  a  minimum  value  for  the 
peroxide  efficiency  is  70%  in  those  runs  where  95-100%  sulfone  is  obtained.  The 
solution  is  filtered  off  the  catalyst  producing  a  clear  filtrate.  With  a  fresh  0.1  ml  of 
sulfide  and  0.2  ml  of  H2O2  added  to  this  filtered  solution,  the  traces  of  molybdate  that 
have  leached  off  the  catalyst  lead  to  90%  oxidation  of  the  sulfide  in  six  minutes.  When 
the  filtered  solid  carbon  catalyst  is  reused,  100%  oxidation  of  svdfide  is  again  observed 
in  six  minutes  at  ambient  temperatures.  The  catalyst  prepared  by  pore  filling  is 
slightly  more  active  than  the  catalyst  prepared  by  reflux  (see  experimental).  No 
apparent  difference  in  leaching  results  with  either  method  of  preparation. 

In  an  attempt  to  minimize  leaching  of  the  catalyst  into  solution,  the 
Na2Mo04*2H20/A-572  catalyst  was  pore  filled  with  stoichiometric  amounts  of  Cu(N03)2 
and  a  second  batch  with  Ni(N03)2  to  prepare  the  less  soluble  CviMo04  and  NiMo04 
Complete  oxidation  of  the  substrate  with  H2O2  occurs  in  six  minutes  and  the  filtered 
solution  resulted  in  50%  oxidation  of  a  new  charge  of  sulfide  by  peroxide.  The  solid 
CuMo04  and  NiMo04  catalysts  from  the  first  oxidation  were  reused  a  second  and  third 
time.  Complete  oxidation  of  the  new  charges  of  sulfide  resulted  in  all  instances 


Catalyst" 

TABLE  1 

Catalyzed  Oxidations  of  C2H6SC6H6 

Solvent**  %  Conversion  to  Sulfone" 

None,  soln 

CHaCN 

1-3%  even  after  30  minutes 

None,  soln 

50/50 

10% 

None,  soln 

CHaCN 

3% 

Na2Mo04,  soln 

CHsCN 

100% 

Na2Mo04 

CHsCN 

100%.90%  lch- 100% 

Na2Mo04,  R 

CHsCN 

93%-90%  lch 

CuMo04 

CHaCN 

100%-55%  lch-99%-40%  lch-99% 

NiMo04 

CHsCN 

100%-50%  lch-99%-99% 

Na2W04,  soln 

CHsCN 

100% 

Na2W04,  soln 

buffer 

95% 

Na2W04 

CHsCN 

100%-90%  lch- 100%-98%-98% 

Na2W04 

50/50 

98% 

Na2W04 

t-C4H90H 

100%-99%-99% 

Na2W04,  SOX 

CHsCN 

100%-70%  lch 

Na2W04,  0.5%  KOH 

CHsCN 

100%-50%  lch-98% 

H3P04«12W03 

CHsCN 

95-99% 

a.  Unless  indicated,  the  catalyst  (1%  by  mass)  was  supported  on  A-572  by  pore 
filling;  soln  refers  to  a  homogeneous  reaction  with  no  support.  None  refers  to 
control  reactions.  R  indicates  the  catalyst  was  prepared  by  reflxaxing  in  CHsCN 
under  N2  for  24  hours  and  drying  at  110  ®C.  SOX  refers  to  a  catalyst  that  was 
washed  by  soxhlet  extraction  with  CH3OH  overnight. 

b.  Buffer  refers  to  an  aqueous  solution  of  sodium  tetraborate,  pH  =  9,  and  50/50 
refers  to  an  equal  mixture  of  this  bviffer  and  CHsCN. 

c.  Reactions  are  typically  carried  out  for  six  minutes.  In  all  instances,  the  product 
of  the  reaction  is  ethylphenylsulfone,  EtS02Ph.  Dashes  indicate  repeat 
experiments  with  the  same  adsorbent  catalyst  after  filtering  off  the  product 
solution  and  washing  with  CHaCN.  Lch  indicates  that  the  product  solution  was 
separated  from  the  catalyst  and  a  homogeneous  oxidation  carried  out  with  the 
filtrate. 
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establishing  the  point  that  oxidation  is  being  catalyzed  by  molybdate  in  the  solid 
carbon. 

Results  similar  to  Na2Mo04*2H20  were  obtained  with  Na2W04»2H20.  The 
doped  carbon  gives  over  95  turnovers  per  minute.  This  catalyst  was  also  shown  to  be 
active  in  the  solvent  t-C4H90H  and  in  a  50/50  CHsCNrbuffer  solvent.  When  pore  filled 
Na2W04»2H20  is  soxhlet  extracted  overnight  with  methanol,  the  amount  of  tungstate 
that  leaches  into  solution  during  the  first  oxidation  is  decreased.  In  this  case,  only  70% 
sulfide  oxidation  occurred  in  the  homogeneous  oxidation  using  the  filtrate.  However, 
the  reuse  of  the  catalytic  adsorbent  leads  to  complete  oxidation  of  sulfide  to  sulfone  in 
six  minutes  at  ambient  conditions.  This  result  indicates  that  the  amovmt  of  leachate  in 
the  1.5  ml  of  solvent  used  in  an  oxidation  rim  is  very  small  and  the  catalyst  could  be 
used  many  times  before  the  dopant  was  lost  by  leaching.  This  result  also  demonstrates 
that  a  heterogeneous  reaction  is  occvirring. 

The  amount  of  leaching  was  also  decreased  by  a  second  pore  filling  of  the 
Na2W04  catalyst  with  0.5%  KOH.  Even  with  strong  base  present,  efficient  catalysis  of 
the  peroxide  oxidation  of  EtSPh  occvurs  at  ambient  conditions.  A  1%  loading  of 
phosphotvmgstic  acid  (H3P04*12W03)  in  A-572  also  produced  an  effective  oxidation 
catalyst.  Under  reaction  conditions,  the  phosphotungstic  acid  is  probably  a  precursor 
for  lower  molecularity  peroxometalates.® 

Na2M04»2H20  (M=Mo  or  W)  exists  as  aggregates  in  aqueous  solution  at  a  pH  of 

6  or  lower.  The  species  MO(OH)5  forms  first  and  as  the  pH  is  lowered,  the  next  species 
detected  in  the  case  of  molybdenum  is  Mo7024»xH20^‘.  The  species  that  exist  on  the 
surface  of  the  carbon  are  unknown.  With  OOH‘  able  to  replace  OH'  in  these  species,  it 
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is  expected  that  coordination  activates  peroxide  so  that  direct  nucleophilic  attack  by 
sulfide  and  sulfoxide  are  the  oxygen  atom  transfer  mechanisms.  In  the  reported^® 
classification  scheme  for  metal  complex  activation  of  O2  and  peroxides,  this  corresponds 
to  the  Class  IVb  mechanism.  Alternatively,  a  one  electron  oxidation  of  the  sulfide  and 
reduction  of  the  molybdenvun  or  tungsten  species  can  generate  a  sulfmr  cation 
radicaP®’^^  that  is  subsequently  converted  to  sulfoxide.  One  electron  oxidation  of  the 
sulfoxide  would  then  occmr  to  give  the  sxdfone.  This  reaction  would  be  included  in  the 
Class  V  category*®. 


CONCLUSIONS 

Molybdate  and  tungstate  doping  of  A-572  leads  to  cataljdiic  absorbents  for 
oxidative  and  base  catalyzed  reactions.  Freshly  prepared  catalysts  leach  small 
amounts  of  dopant  into  solution.  Reuse  or  extensive  washing  diminishes  leaching  while 
maintaining  excellent  catal5d:ic  activity.  These  results  demonstrate  that  a 
heterogeneous  reaction  is  occurring.  With  only  0.02  millimoles  of  Na2Mo04  •  2H2O  in 
0.5  gram  of  carbon  in  the  original  catalyst,  very  little  tungstate  or  molybdate  is 
required  for  effective  catalysis.  The  new  and  reused  catalysts  exhibit  turnover  nmnbers 
of  70-95  turnovers  per  minute  and  peroxide  efficiencies  of  at  least  70%. 

EXPERIMENTAL 

Reagents 

Na2Mo04»2H20,  Na2W04»2H20,  Cu(N03)2  and  Ni(N03)2  were  obtained  firom 
Fisher  and  used  as  received.  Phosphotungstic  acid  was  synthesized.  All  solvents  and 
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reactants  were  obtained  from  Fisher.  Ambersorb  572  (lot  2125),  donated  by  Rohm  and 
Haas  was  soaked  in  6M  HCl  overnight,  rinsed  with  water  several  times,  soxhlet 
extracted  with  methanol  for  6  hours,  and  dried  in  vacuum  at  110  ®C. 

Catalyst  Preparation. 

Supported  catalysts  were  prepared  using  two  methods.  Catalysts  were  prepared 
by  refluxing  the  support,  metal,  and  solvent  (CCU,  toluene,  or  acetonitrile)  vmder 
nitrogen  for  24  hours.  Typically,  the  support:metal  ratio  was  100:1  by  mass.  Catalysts 
also  were  prepared  by  dissolving  the  metal  compoxmd  into  an  appropriate  solvent  and 
pore  filling  the  support  (i.e.,  adding  solution  until  the  solid  was  barely  moist).  In  both 
methods,  the  prepared  catalysts  were  then  dried  in  a  vacuum  oven  at  105-110  *C  for  at 
least  16  hours.  As  smnmarized  in  Table  1,  Na2Mo04  pore  filled  into  A-572  resulted  in 
complete  conversion  of  EtSPh  in  six  minutes  compared  to  90%  conversion  for  the  same 
composition  catal3d,ic  adsorbent  prepared  by  refluxing.  Pore  filling  was  the  method  used 
in  all  experiments  unless  indicated  otherwise. 

CuMo04/A-572  was  prepared  by  pore  filling  A-572  with  Na2Mo04  dissolved  in 
water  and  drying  the  solid  in  a  vacuum  oven.  This  was  followed  by  pore  filling 
Na2Mo04/A-572  with  Cu(N03)2  dissolved  in  water.  The  catalyst  was  then  washed  with 
water  several  times  to  remove  NaNOa,  and  then  dried  in  a  vacuum-oven  at 
110  for  24  hours. 
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Oxidation  Procedure. 


Homogeneous  Catalyzed  Oxidations.  Sodium  tungstate  and  mol5'bdate  were 
used  as  catalysts  in  homogeneous  oxidations  of  EtSPh.  1.5  ml  of  solvent,  0.1  ml  EtSPh, 
and  0.2  ml  H2O2  (30%),  were  added  to  about  0.008  g  of  the  catalyst  in  a  6  inch  test  tube. 
The  solution  was  stirred  magnetically  for  six  minutes  at  ambient  temperature  and 
pressure.  The  oxidation  of  EtSPh  to  the  corresponding  sulfoxide  and  sulfone  was 
monitored  using  an  SRI  8610-FID  gas  chromatograph  outfitted  with  an  AT- 1000  15  m  x 
0.54  mm  ID  capillary  colvunn  from  Alltech. 

Heterogeneous  Catalyzed  Oxidations.  0.5  g  of  supported  catalyst  (1% 
loading  by  mass  unless  otherwise  specified),  1.5  ml  solvent  (e.g.,  CHsCN),  0. 1  ml  EtSPh, 
and  0.2  ml  H2O2  (30%),  were  added  into  a  6  inch  test  tube.  The  reaction  mixture  was 
stirred  for  six  minutes  at  ambient  temperature  and  pressvire.  The  liquid  above  the 
support  was  filtered  through  a  glass  wool  filter  to  remove  any  solid  and  the  solution 
analyzed  as  described  in  the  homogeneous  oxidation  procedure.  The  conditions  used  led 
to  complete  conversion  to  sulfone  in  all  instances. 

Test  for  Leaching  and  Repeat  Catalyst  Evaluation 

The  product  from  an  oxidation  reaction  was  filtered  through  glass  wool.  The 
solid  was  washed  with  CHaCN  and  used  in  a  subsequent  oxidation  reaction  following 
the  above  procedure. 

To  test  for  leaching,  0.1  ml  of  EtSPh  and  0.2  ml  of  H2O2  (30%)  were  added  to  the 
solution  that  had  been  analyzed  and  after  six  minutes  of  stirring,  the  solution  was 
again  analyzed  by  G.C  for  sulfoxide  and  sulfone. 
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Abstract 


Copper  {ID  complexes  of  the  general  formula  [LCu  (H2O)  4]”^  (where  L  is  a 
bidentate  ligand  and  n=l  or  2)  activate  hydrogen  peroxide  for  the  oxidation  of 
quinaldine  bule,  an  oxidation  indicator.  The  copper (II)  complexes  of  tri-  and 
tetra-dentate  ligands  are  shown  to  be  inactive,  as  are  the  bis- complexes  of 
bidentate  ligands.  The  proposed  mechanism  for  peroxide  activation  involves 
the  formation  of  a  copper  {II ) -hydroperoxide  complex,  which  then  rapidly 
oxidized  the  substrate.  Comparison  of  reaction  rates  with  different  ligand 
systems,  and  different  ligand  to  metal  ratios,  lead  to  the  conclusion  that  two 
equatorial  coordination  positions  must  be  occupied  by  easily  displaced  water 
to  form  the  active  complex.  Rate  studies  are  performed  which  give  an 
experimental  rate  law  which  is  first-order  in  copper (II)  complex,  zero-order 
in  substrate,  and  variable  order  in  peroxide.  These  kinetics  are  predicated 
by  the  rate  law  derived  from  our  proposed  mechanism.  The  variable  order  in 
peroxide  can  be  explained  in  terms  of  Michaelis-Menten  type  kinetics,  as 
linear  Lineweaver-Burk  plots  of  (rate*^)  vs.  ([02H“]*^)  are  obtained  from  our 
experimental  data.  This  is  consistent  with  our  proposed  mechanism,  as  the 
derived  rate  law  can  be  rearranged  into  the  Mi chaelis -Menton  equation. 
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IMTRODPCTIOW 

Enviror™.nt.l  concerns  h.v.  motivated  repl.cement  of  aqueona 
hypochlorite  as  an  oxidant  with  peroxide,  and  use  of  water  as  a  reaction 
medium.  Activation  of  hydrogen  peroxide  by  transition  metal  complexes  for 
oxidation  of  organic  substrates  has  been  studied  extensively.-  Few 
transition  metal  complexes  catalyze  oxidations  by  hydrogen  peroxide  zn  water, 
and  fewer  are  active  above  pH  8.  Precipitation  of  the  catalytically  active 
metal  complex  as  the  oxide  or  hydroxide  at  higher  pH  is  a  major  limitation. 
Chelating  ligands  can  stabilize  metal  ions  in  basic  solution  and  prevent 
precipitation.*  Thus,  a  manganese  complex  of  l,s,,-triaz,cyclonon.ne  (TAC 
is  an  effective  peroxide  activator  in  basic  aqueous  solution.  This  complex 
catalyzes  the  epoxidation  of  styrene  and  4-vinylbenzoic  acid  with  hydrogen 
peroxide  and  was  commercialized  as  a  bleaching  agent  for  household 
applications.  This  discovery  has  heightened  interest  in  aqueous  transition 
metal  catalyzed  peroxide  activation  with  a  primary  goal  of  finding  complexes 
that  react  with  hydrogen  peroxide  to  produce  acUve  oxident.  in  basic  aqueous 

solution.  ^ 

Activation  of  hydrogen  peroxide  by  metal  redox  mechanisms  almost 

invariably  leads  to  catalysis  of  peroxide  decosposition.  This  can  be  avoided 

by  employing  catalysts  that  function  by  a  Class  IVb  mechanism*  if  the  metal 

does  not  Chang,  its  oxidation  state  when  activating  hydrogen  peroxide,  but 

coordinates  HOr'  to  the  metal  center.  Coordination  can  be  viewed  as  replacing 

the  proton  of  HA  with  a  lewis  acid  (the  metal  complex)  and,  in  the  process, 

mating  «OzH  which  is  more  electrophilic  than  HO/.  Accordingly,  a  series  of 

experiments  were  carried  out  with  complexes  that  might  function  as  peroxide 

activators  through  hydroperoxide  coordination. 

Eis(ethylenediamin.)’  and  bis  (bipyridine)*  copper  complexes  are  report, 
to  be  active  for  peroxide  activation,  though  not  in  aqueous  base.  Many  copper 
complexes  containing  a  bound  peroxo  species  are  tnown,  although  most  are 
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dimeric  species. Complexes  with  cumylhydroperoxide  and  tert- 
butylhydroperoxide  as  ligands  to  a  copper (II)  monomer  have  been  isolated.” 

This  paper  examines  the  activation  of  hydrogen  peroxide  by  a  series  of 
copper (II)  complexes.  The  initial  experiments  were  done  with  picolinic  acrd 
ligand,  which  is  effective  in  promoting  peroxide  activation  with  iron  in  a 
pyridine-acetic  acid  solvent  mixture. Finding  activity  in  aqueous  base  with 
the  copper  (II) -picolinic  acid  complex,  the  study  was  expanded  to  other 


ligands • 

/^plications  of  catalysts  for  oxidation  in  basic  aqueous  solutions 
require  broad  base  oxidants.  This  requirement  is  in  contrast  to  selective 
oxidations  whose  objective  is  to  produce  a  single  desired  product. 

Accordingly,  a  redox  indicator,  quinaldine  blue,  was  chosen  as  the  substrate 
for  oxidation.  Though  the  oxidation  products  are  unlcnown,  this  substrate  has 
several  advantageous  properties  for  a  study  whose  primary  focus  is  to 
ascertain  desirable  metal  coirplex  properties  for  activation.  Initial  rates  of 
oxidation  of  quinaldine  blue  (I)  can  be  measured  conveniently  as  a  function  of 
pH,  peroxide  concentration,  ligand  to  metal  ratio,  and  complex  concentration. 
A  mechanism  for  peroxide  activation  with  conplexes  of  this  type  is  proposed. 


EXPERIMENTAl. 

Materials 

Copper (II)  chloride  and  sodium  tetraborate  were  used  as  received  from 
Fisher.  30%  Hydrogen  peroxide  was  used  after  iodometric  titration  to  verify 
its  concentration.  Quinaldine  blue,  2-pyridinecarboxylic  acid  (picolinic 
acid,  PA),  2,4-pentanedione  (acetylacetone,  AcAc) ,  1-aminoacetic  acid 
(glycine,  GLY),  2-aminopropanoic  acid  (alanine,  ALA),  4-amino-2-methylbutonic 
acid  (leucine,  LEU),  2, 6-pyridinedicarboxylic  acid  (dipicolinic  acid,  DPA) , 
(iminodiacetic  acid,  IDA),  1,2-diaminoethane  (ethylenediamine,  EN),  N,N,N,N 
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tetramethylethylenediamine  (TMED) ,  2, 9,-diinethyl-l,  10-phenanthroline  (DMP), 

2.2'-dipyridylandne  (bipyridylaitdne,  BPA) ,  tris  (2-aininoethyl) amine  (THEN), 
bis  (1-aminopropyl)  amine  (IBPA),  and  2,2' ;6^2«-dipyrdylpyridine  (terpyridine, 
TERPY)  were  all  used  as  received  from  Aldrich.  Water  used  for  the  peroxide 
solutions  was  purified  by  a  Barnstead  NANOpure  unit  to  eliminate  metal-ion 
contaminants  that  might  cause  peroxide  decomposition.  Its  final  resistance 
was  18  meg  a  ohm’ cm 

Measurements 

UV-Vis  measurements  were  performed  on  a  Perkin-Elmer  Lambda-6 
spectrophotometer  at  room  teir^^erature .  Rate  data  was  obtained  by  monitoring 
the  decrease  in  quinaldine  blue  concentration  at  600  nm  over  time.  pH 
measurements  were  made  with  a  Fisher  Accumet  model  630  pH  meter. 


Preparation  Of  Reaction  Mixtures  For  Kinetic  Measurements 
1)  Preparation  of  the  substrate 

Quinaldine  blue,  I,  0.0060g,  was  dissolved  in  a  0.01  M  aqueous  sodium 
tetraborate  buffer  solution.  This  gives  a  deep  purple  solution  with  an 
absorbance  between  1.0  and  1.1  at  600nm.  The  initial  absorbance  was  checked 
before  the  solution  was  used  to  ensure  that  it  was  in  the  above  range.  The 
substrate  oxidation  was  performed  at  pH  9.1  in  a  0.1  M  borax  buffer  unless 
Otherwise  indicated. 

2)  Preparation  of  the  catalysts 

The  catalyst  solution  used  was  prepared  from  2.5  x  10"^  M  aqueous 
copper (II)  chloride  and  2.5  x  10'^  M  aqueous  solutions  of  the  appropriate 
ligands,  as  previously  described*'®  for  in  situ  generation  of  active  catalysts 
Use  of  copper (II)  nitrate,  rather  than  the  copper  (II)  chloride,  as  the 
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copper  (II)  source  did  not  significantly  affect  the  rates,  nor  did  addition  of 
excess  chloride  to  the  system.  At  these  concentrations,  precipitation  was  not 
observed,  and  the  catalyst  solutions  did  not  loose  activity  upon  standing. 

3)  Preparation  of  the  peroxide  solution 

A  0.200  M  stock  solution  of  hydrogen  peroxide  was  made  by  adding  10  mL 
of  30%  hydrogen  peroxide  (whose  concentration  was  checked  by  iodometric 
titration)  to  a  500  xnL  volumetric  flask  and  diluting  with  purified  water  to 
SOOmL.  Subsequent  dilutions  were  made  to  give  the  peroxide  solutions  used. 

All  the  rate  data  were  obtained  with  peroxide  solutions  that  were  no  more  than 
48  hours  old. 

4)  Procedure 

In  each  experiment,  2  mL  of  the  buffered  substrate  (I)  solution,  1  mL  of 
catalyst  solution  (in  blank  runs,  water),  and  0.5  mL  of  peroxide  solution  were 
added,  in  that  order,  to  a  UV-Vis  cell.  This  combination  of  buffer/substrate 
solution,  copper  complex,  and  hydrogen  peroxide  has  a  pH  of  9.1.  The  cell  was 
capped  and  shaken  for  5  seconds  and  then  placed  in  the  cell  holder  in  the  UV- 
Vis,  at  which  point  data  collection  was  initiated.  Decreasing  absorbance  at 
600nm  was  monitored  as  a  function  of  time.  The  initial  rates  of  reaction  were 
determined  from  data  collected  during  the  first  10  to  20  seconds  of  reaction. 
These  initial  rates  are  given  in  the  results  section. 

RESULTS  AND  DISCUSSION 

Substrate  Selection 

Oxidations  in  basic  solution  generally  require  a  catalyst  that  is 
effective  for  a  wide  range  of  substrate  functional  groups.  Redox 
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indicators^^’^®  have  been  used  to  measure  peroxide  activation  because  the 
reaction  can  be  monitored  continuously  and  conveniently.  This  permits 
screening  of  a  large  niomber  of  systems  and  simpler  evaluation  of  the  inorganic 
chemistry  of  peroxide  activation. 

Quinaldine  blue  [I]  (pinacyanol  chloride)  is  a  redox  indicator  that  has 
convenient  spectral  properties  to  monitor  peroxide  activation. 


Its  absorbance  maximum  at  600nm  is  insensitive  to  pH's  above  pH  4.  (I)  is  not 

oxidized  by  H2O2  at  the  concentrations  used  in  this  work.  Stronger  oxidants 
such  as  oxone  (monosodium  peroxysulfate)  or  hypochlorite  produce  a  colorless 
product  with  negligible  absorbance  at  600nm.  Reactions  of  (I)  are  readily 
monitored  with  W/Vis  spectroscopy. 

Copper (II)  complexes  have  been  shown  to  oxidize  amine  containing  buffers 
in  aqueous  solution  without  peroxide. To  rule  out  the  possibility  of  this 
occurring  here,  the  absorbance  of  a  solution  containing  equimolar 
concentrations  of  copper (II)  and  copper  (II)  with  picolinic  acid  and  (I) 
showed  no  change  in  absorbance  over  a  2^hour  period.  We  therefore  conclude 
that  copper (II)  does  not  oxidize  1  on  the  timescale  of  our  experiments. 

Several  products  can  result  from  the  oxidation  of  For  elucidating 

the  essential  properties  of  the  complex  to  activate  H2O2  in  basic  solution 
this  information  is  not  essential.  Catalyst  specificity  is  expected  and  these 
conclusions  are  expected  to  be  substrate  dependent.® 
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Activation  of  Peroxide  by  Copper  (II)  Chloride  and  Picolinic  Acid 

The  first  set  of  copper  (II)  conplexes  examined  as  catalysts  uses 
picolinic  acid  as  the  ligand.  A  solution  containing  1.0  x  10“^  M  picolinic 
acid  and  copper  (II)  chloride  (a  1:1  mole  ratio)  was  found  to  effectively 
activate  peroxide  for  the  oxidation  of  The  absorbance  at  600nni  versus  time 
for  this  reaction  is  shown  in  Figure  1.  Picolinic  acid  itself  does  not 
catalyze  the  oxidation  of  I  by  hydrogen  peroxide.  In  the  absence  of  a  strong¬ 
binding  ligand,  copper  (II)  forms  the  insoluble  hydroxide  which  decoiiposes  H2O2 
on  the  surface  of  the  solid  particles.  Only  a  small  amount  of  quinaldine  blue 
oxidation  occurs  in  the  absence  of  ligand. 

Figure  1 

The  activity  of  the  copper  (II) -picolinic  acid  system  as  a  function  of 
the  ligand:  copper (II)  mole  ratio  at  constant  [copper (II)]  is  shown  in  Figure 
2.  The  decrease  noted  at  a  ratio  of  1.5  to  1  is  larger  than  expected  for  1:1 
mixture  of  1:1  and  2:1  coirplexes  and  could  be  due  to  a  3:2  aggregate. 

Figure  2 

The  most  active  species  is  formed  at  a  1:1  ratio  of  copper  to  ligand. 
Stability  constants  predict  that  Cu(PA)'*^  is  the  dominant  species  under  these 
conditions'^. 

Oxidations  were  studied  with  different  concentrations  of  Cu(PA)% 
peroxide,  and  I  (Table  I)  .  Runs  1-8  in  Table  1  give  the  initial  rates  of 
quinaldine  blue  oxidation  with  a  [Cu(II)]  of  2.9  x  10“^  M  and  [H2O2]  between 
5.7  X  10’^  M  and  2.9  x  10'^  M. 

Table  1 
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The  reaction  is  zero  order  in  [H2O2) .  Repeated  rate  measurements  were 
reproducible  to  5%.  Next,  the  peroxide  concentration  was  held  constant  (0.029 
M)  while  the  Cu(PA)*  concentration  was  varied.  These  results  are  shown  in 
Table  1  as  runs  9-14.  Consistent  with  our  discussion  of  Figure  2  the 
In (initial  concentration)  versus  In (rate)  plot  is  non-linear.  This  is  in 
contrast  to  the  systems  in  Table  3  where  the  reaction  is  first  order  in 
(Cu(II)].  The  order  with  respect  to  substrate  is  zero,  as  determined  from 
runs  13,  15,  and  16.  A  mechanism  consistent  with  these  observations  will  be 
presented  in  the  discussion  section  of  this  paper. 

Effect  of  pH  on  Quinaldine  Blue  Oxidation  Rate 

The  rate  of  quinaldine  blue  oxidation  catalyzed  by  the  copper (II )~ 
picolinic  acid  system  was  measured  at  different  pH's.  The  copper  complex 
concentration  was  held  constant  at  2.9  x  10*^  M,  and  the  peroxide 
concentration  was  2.9  x  10“^  M.  The  pH  was  adjusted  by  addition  of  small 
amounts  of  concentrated  KOH  solution  to  a  solution  of  the  catalyst  and  sodium 
tetraborate.  Figure  3  shows  the  rate  dependence  on  pH. 

Figure  3 

The  rate  of  quinaldine  blue  oxidation  is  negligible  below  pH  8.0.  The  rate  of 
reaction  increases  up  to  pH  10.0,  where  it  becomes  independent  of  pH.  The  pH 
did  not  change  during  the  reaction. 

Peroxide  Activation  by  Copper (II)  Complexes  of  Anionic  Bidentate  Ligands 

Experiments  were  performed  with  acetylacetone  (AcAc) ,  glycine  (GLY), 
alanine  (ALA),  and  leucine  (LEU)  as  ligands,  with  [Cu(II)]  =  2.8  x  10'^  M  and 
[H2O2]  ~  2.8  X  10”^  M.  The  oxidation  rate  was  studied  with  1:1  and  2:1  ratios 
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of  ligand  to  copper  (II )  .  Initial  rates  of  oxidation  are  shown  as  runs  1-10  in 
Table  2. 

Table  2 

All  these  amino  acid  complexes  catalyze  the  oxidation  of  quinaldine  blue 
by  hydrogen  peroxide,  with  glycine  being  the  least  active  and  leucine  being 
the  most  active  at  a  1:1  ratio  of  ligand  to  metal.  The  copper (II)  complex  of 
acetylacetone  showed  the  highest  activity,  with  an  oxidation  rate  15-20% 
greater  than  for  the  copper  (II)  leucine  con^lex.  As  with  picolinic  acid,  all 
of  the  complexes  exhibited  a  sharp  decrease  in  activity  when  the  ligand  to 
metal  ratio  was  greater  than  1. 

Peroxide  Activation  by  Copper  (II)  Complexes  of  Tridentate  Anionic  Ligands 

Two  tridentate  anionic  ligands,  dipicolinic  acid  (DPA)  and  iminodiacetic 
acid  (IDA)  were  exeimined.  The  results  are  shown  as  runs  11-14  in  Table  2.  At 
a  1;1  mole  ratio,  tridentate  anionic  ligands  lead  to  much  poorer  catalysts  for 
peroxide  activation  than  bidentate  anionic  ligands.  Complexes  with  tridentate 
anionic  ligands  show  little  activity  for  peroxide  activation  at  a  2:1  ligand 
to  copper  ratios.  Lower  activity  for  coirplexes  of  anionic  tridentate  ligands 
shows  that  a  positively  charged  complex  is  needed  or  that  two  adjacent 
equatorial  coordination  sites  must  be  occupied  by  water  to  generate  an 
effective  copper (II)  catalyst  for  peroxide  activation. 

Peroxide  Activation  by  Copper  (II)  Complexes  of  Neutral  Bidentate  Ligands 

Copper  (II)  complexes  of  the  bidentate  neutral  ligands  ethylenediamine 
(EN) ,  N,N,N'  ,N' -tetramethylethylenediamine  (TMED) ,  2,  9-dimethyl-l,  10- 
phenanthroline  (DMP) ,  and  2,2'-bipyridylamine  (BPA)  were  evaluated  as  possible 
catalysts.  Table  2,  runs  15-24,  demonstrates  that  the  copper (II)  conplexes  of 
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bidentate  neutral  ligands  are  very  effective  as  catalysts  for  hydrogen 
peroxide  activation.  The  copper(II)  complex  of  2^2'-bipyridylainine  has 
exceptional  activity. 

Rate  variations  with  the  copper (II)  complexes  of  ethylenediamine  (EN) 
and  N,N,N' /N' -tetramethylethylenediamine  (TMED)  in  the  presence  of  excess 
ligand  are  interesting.  The  activity  of  the  EN  complex  is  reduced  by  a  factor 
of  50  at  a  2:1  ratio  of  ligand  to  metal.  However,  the  activity  of  the  TMED 
complex  decreased  only  slightly  in  the  presence  of  a  four-fold  excess  of 
ligand.  Sterically  hindering  ligands  that  decrease  the  equilibrium  constant 
for  binding  a  second  bidentate  ligand  give  copper  catalysts  that  function  in 
the  presence  of  excess  ligand.  Formation  constants  for  the  1:1  and  2:1 
complexes  of  both  EN  and  TMED  show  that  the  formation  of  the  2:1  complex  is 
much  less  favorable  with  TMED.^^ 

Peroxide  Activation  With  Copper  (II)  Complexes  of  Neutral  Multidentate  Ligands 

To  complete  this  study,  several  copper  (II)  complexes  with  neutral  tri- 
and  tetradentate  ligands  were  evaluated  as  possible  catalysts.  Table  2,  runs 
25-30,  shows  the  results  with  copper  (II)  complexes  of  tris  (2-aminoethyl)amine 
(TREN)  ,  3,  3' -iminobis  (propylamine)  (IBPA) ,  and  2,2' :  6,  6"-terpyridine  (TERPY) . 
The  conditions  and  peroxide  concentrations  were  the  same  as  in  previous  runs. 
Since  the  copper (II)  coirplexes  of  tri-  and  tetradentate  neutral  ligands  result 
in  poor  or  inactive  catalysts,  we  can  conclude  that  having  two  adjacent 
coordination  positions  occupied  with  easily  displaced  solvent,  and  not  the 
complex  charge,  is  the  necessary  condition  for  active  copper  (II)  catalysts. 

Rate  Studies 

The  following  four  complexes  were  selected  for  further  kinetic 
examination.  The  copper  (II) /leucine  catalyst  was  selected  because  it  gave  the 
best  performance  for  peroxide  activation  of  the  amino  acid  ligands.  The 
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copper(IJ)/.cetyl.cet.n.  cpnpLx  the  best  perfon»nce  with  eetoete 

ligands.  The  bipytidylesdne  copper  co-plex  gave  the  best  overall  peroxide 
activation.  The  copperdll/  «,»,«■  ,K' -tetraiaethylethylenediaxdne  complex  ».s 
selected  to  dete.^ne  the  iniluence  of  steric  effects  on  the  reaction  rates. 

paras  with  all  these  ligands  are  first-order  in  CCu.II),  (Table  3..  The 
oopperdD-leucine  complex  obeys  Equation  (1,.  However,  rates  with  the 
copper, 11,  complexes  of  the  other  three  ligands  depended  on  (peroxide,.  Table 
4.  The  catalyst  concentration  is  kept  constant  at  2.6  *  10  ‘  «  f or  the 
copper  (II) -AcAc  and  copperdll-TMED  complexes  and.  because  of  its  higher 
activity,  at  2.0  x  IC*'  H  for  the  copperdi,-  EPA  coxplex. 


Table  3 


Table  4 


The  Rate  Law  an(3  Proposed  Mechanisin 

A  wide  variety  of  copperdi,  complexes  activate  hydrogen  peroxide. 

Activities  decrease  dramatically  when  the  ligand  to  metal  ratio  is  greater 
than  1,1.  Tri-  and  tetradentate  ligand  complexes  are  much  less  active  than 
those  with  bidentate  ligands.  These  results  suggest  that  a  significant 
concentration  of  copperdi,  coaplexes  with  two  adjacent  coordinated  .quo 
ligands  is  required  for  efficient  hydrogen  peroxide  activation. 

The  mechanism  of  hydrogen  peroxide  activation  by  copperdi,  must  account 

for  the  following  observations; 

1)  The  order  with  respect  to  Iquinaldine  blue]  is  zero. 

2)  All  the  reactions  are  first  order  in  ICudDl- 

3)  Addition  of  ligand  above  a  1:1  mole  ratio  decreases  activity, 
tetradentate  ligands  tend  to  give  inactive  complexes. 
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The  reaction  rate  is  pH  dependent. 

5)  The  reaction  rate  is  independent  of  with  PA  and  LEU  ligands,  but 

increases  with  [H2O2)  in  a  non-linear  manner  with  AcAc,  TMED,  and  BPA 
ligands . 

A  mechanism  consistent  with  these  observations  is  shown  in  Figure  4. 
Figure  4 

The  first  step  is  the  reversible  dissociation  of  a  water  molecule  from  a 
distorted  octahedral,  copper(II)  complex.  This  process  is  reported  to  be 
reasonably  facile.*^  The  next  step  is  coordination  of  the  hydroperoxide  anion 
(O2H-)  to  produce  the  peroxo  or  hydroperoxo  complex.  Once  formed,  this 
copper-hydroperoxide  species  reacts  extremely  rapidly  with  the  substrate.  As 
a  result,  the  rate  of  oxidation  is  determined  by  the  rate  of  formation  of  the 
copper-hydroperoxide  complex,  giving  the  zero  order  substrate  dependence. 

Assuming  that  the  rate  of  formation  of  the  copper-hydroperoxide  conplex 
is  rate  limiting,  and  is  followed  by  rapid  oxidation  of  quinaldine  blue,  the 
rate  of  oxidation  catalyzed  by  the  copper (II)  complex  is  given  by: 

Vox  =  d  [LCu*^  (H2O)  (O2H)  1  /  dt  =  ks  ILCu"(H20)]  (O2H  ] 


A  steady-state  approximation  for  the  lLCu”(H20)l  concentration  leads  to  the 
following  expression: 


ILCu”(H20)]  = 


ki[LCu^^(H20)2l 
k-i  +  kslOzH'] 


(2) 
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The  concentration  of  the  hydroperoxide  anion  is  directly  proportional  to 
peroxide  concentration  and  pH;  [O^H*]  =  K,  [H*]  IH2O2] .  Substituting  Equation 
(2)  into  Equation  (1)  gives  the  rate  of  oxidation  as: 

kik3[LCu”{H20)2]  t02H'] 

Reaction  Rate  =  ^  ~ 

k-i  +  kaCOiH*] 

Equation  (3)  can  be  rearranged  to: 

kitLCu”(H20)2J  [02H'] 

Reaction  Rate  ==  - — — — - 

(k-i  /  ka)  +  I02H'] 

In  addition,  if  we  derived  the  rate  law  by  using  two  consecutive  steady-state 
approximations  for  both  (LCu"{H20)l^*  and  [LCu”  (O2H)  )*,  we  obtain  the  same  rate 
law  as  in  Equation  (4).  The  only  requirement  for  this  to  be  valid  is  the  rate 
of  substrate  oxidation  needs  to  be  greater  than  the  rate  of  copper (II) 
hydroperoxide  coinplex  formation* 

Experimental  observations  support  the  above  mechanism  and  suggest  that 
other  possibilities  are  less  reasonable.  The  active  species  is  not  a 
dissociated  hydroxyl  radical  produced  by  peroxide  decomposition.  While  this 
pathway  exists,  as  shown  in  the  mechanism  (the  k2  pathway),  this  reaction  does 
not  account  for  the  dramatic  decrease  in  catalytic  reactivity  for  coit5>lexes  of 
tri-  and  tetradentate  ligands. 

Another  possible  mechanism  involves  a  high  oxidation  state  of  copper  as 
the  active  oxidant.  While  copper(II)  con$)lexes  have  been  shown  to  oxidize 
amine-containing  buffers,”'^®  no  oxidation  of  quinaldine  blue  by  Cu{II)  occurs 
in  the  absence  of  hydrogen  peroxide.  Copper  (III)  species  are  known  in  aqueous 
solutions  However,  a  Class  V  reaction  mechanism*  involving  copper (III) 

redox  cycling  cannot  explain  the  need  for  two  available  equatorial  binding 
sites.  A  mechanism  involving  a  coordinated  peroxide  explains  the  trends  in 
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reactivity  of  the  mono-  and  di -positively  charged  copper  {II )  complexes  and 
reduction  in  reactivity  in  the  presence  of  excess  ligand. 

Dissociation  of  water  occurs  from  the  axial  positions.  Once  the  five 
coordinate  copper  complex  is  formed,  the  attack  by  O2H  occurs  to  coordinate 
the  OzH"  in  the  strong  binding  equatorial  position  (Figure  5).  The  strongest 
binding  of  hydroperoxide  anion  occurs  when  it  is  bound  to  the  same  dxz-yz 
orbital  that  is  involved  in  ligand  coordination.  Coordination  of  O2H'  to  the 
equatorial  position  is  important  because  the  use  of  this  orbital  leads  to  a 
stronger  acceptor  than  the  axial  position.  Strong  Lewis  acidity  activates 
hydrogen  peroxide  in  Class  IVb  mechanisms.  When  the  2:1  ligand  to  copper (II) 
complex  is  formed,  the  reactivity  decreases  because  there  are  no 
strong-binding  equatorial  positions  available  to  bind  the  hydroperoxide  anion. 

Our  experiments  show  that  it  is  necessary  to  have  two  equatorial 
coordination  sites  occupied  by  easily  displaced  solvent.  This  is  demonstrated 
by  the  large  decrease  in  reactivity  seen  with  complexes  of  tri-  and 
tetradentate  ligands,  as  compared  to  the  bidentate  ligands.  The  most 
straightforward  explanation  requires  two  coordination  sites  to  bind  the 
peroxide.  Figure  5a.  Complexes  of  copper  (II)  dimers  have  been  shown  to  bind 
Oz^'  in  a  similar  manner. Peroxo  complexes  of  other  metals  are 
known^”  and  several  are  useful  oxidants  and  oxidation  catalysts.^® 

Another  possibility  is  that  the  metal-peroxo  complex  is  stabilized  by  a 
hydrogen  bonding  interaction  between  bound  hydroperoxide  and  an  equatorial 
water.  A  similar  interaction  has  been  used  to  explain  the  stability  of  a 
vanadivim-peroxo  complex  in  aqueous  solution.^’  This  interaction  can  only 
occur  when  one  bidentate  ligand  is  coordinated  to  the  copper  center,  as  shown 
in  Figure  5b.  When  a  tri-  or  tetradentate  ligand  is  coordinated  to  the 
copper (II)  coitplex,  or  a  2:1  conplex  of  the  bidentate  ligand  is  formed, 
stabilization  of  the  hydroperoxide  anion  through  hydrogen  bonding  does  not 
occur. 
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Figure  5a, b 


Our  proposed  mechanism  leads  to  a  rate  law.  Equation  (5),  that  explains 
our  kinetic  data.  The  requirement  that  our  mechanism  gives  zero  order 
kinetics  for  quinaldine  blue  oxidation  is  satisfied  with  the  assumption  that 
the  copper  (II)  hydroperoxide  species  will  react  very  rapidly  with  quinaldine 
blue.  This  is  reasonable,  as  oxone®  and  sodium  hypochlorite  oxidize 
quinaldine  blue  too  rapidly  to  study  with  the  procedures  used  here. 

The  rate  of  oxidation  is  predicted,  by  the  derived  rate  law,  to  be  first 
order  in  copper (II)  complex.  This  was  experimentally  observed.  A  zero  order 
dependence  of  the  rate  on  peroxide  concentration  was  observed  for  copper (II) 
complexes  of  picolinic  acid  (PA)  and  leucine  (LEU).  However,  the  copper{II) 
complexes  of  acetylacetone  (AcAc) ,  N,N,N' ,N'--tetramethylethylenediamine 
(TMED) ,  and  bipyridylamine  (BPA)  all  showed  significant  deviations  from  zero 
order  kinetics. 

While  these  results  differ  from  the  zero-order  dependence  seen  for 
copper  (II)  complexes  of  picolinic  acid  or  leucine,  the  rate  law  derived  from 
the  proposed  mechanism  (Equation  (4))  can  be  used  to  explain  these  differing 
orders.  If  we  define  Vn^x  as  kitLCu^^ (H20)2]  and  as  k-i  /  ks  we  obtain  the 
following  expression: 


Reaction  Rate  =  -  (5) 

K„.  +  [02H‘] 

26 

Equation  (5)  is  now  in  the  same  form  as  the  Michaelis-Menten  equation. 
Systems  having  kinetic  behavior  described  by  equation  (5)  give  linear  plots 
of  (rate)"^  versus  [H02”]‘^.  Figure  7  shows  this  plot  for  the  Cu-AcAc  system. 
The  plots  for  Cu-TMED  and  Cu-BPA  are  also  linear. 
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Figures  7 


Thus,  these  systems  follow  the  kinetics  predicted  by  the  derived  rate  law. 
Equation  (5).  From  these  plots  we  can  determine  Ka/Va^xr  and  (Vaax)”^  whose 
values  are  given  on  Table  5.  For  the  copper (II)  complexes  of  picolinic  acid 
and  leucine,  Vinax  is  the  observed  rate  of  reaction,  because  peroxide 
concentrations  low  enough  to  cause  deviation  from  zero  order  kinetics  were  not 
examined.  must  clearly  be  lower  than  IH02*]  to  give  zero-order  kinetics  in 
peroxide  (see  Equation  (5)).  Thus  K,n  values  for  the  picolinic  acid  and 
leucine  complexes  are  estimated  based  on  the  lowest  hydroperoxide  anion 
concentration  studied. 


Table  5 

Interestingly,  di-positively  charged  copper (II)  coir5)lexes  (neutral 
ligands)  have  significantly  higher  values  of  for  peroxide  activation.  Kn 
is  equal  to  k_i  /  ks  in  the  derived  rate  law,  which  implies  that  coordination 
of  water  to  the  dissociated  copper  (II)  complex  ( [LCu  (H2O)  ] ) ,  rather  than 
coordination  of  the  hydroperoxide  anion,  is  more  favorable  for  the  more 
positively  charged  copper  complexes.  However,  in  view  of  the  coirplex 
enthalpic  and  entropic  contributions  to  the  coordination  of  these  species,  we 
cannot  provide  a  more  detailed  explanation  of  the  trends  observed  in  Kn  or 

Vjnax  • 

Since  the  rates  of  oxidation  are  dependent  upon  the  concentration  of  the 
hydroperoxide  anion,  rather  than  hydrogen  peroxide,  changes  in  pH  affect 
reaction  rates.  For  the  copper (II)  -  picolic  acid  complex,  at  high  pH  the 
concentration  of  hydroperoxide  anion  will  be  high  enough  to  give  zero-order 
kinetics,  where  the  observed  rate  is  equal  to  V^ax*  As  the  pH  drops  below  9, 
the  concentration  of  hydroperoxide  anion  decreases  enough  to  see  deviation 
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below  that  needed  for  sufficient  concentration  of  hydroperox 
the  pH  drops  below  tnar  neeuc 

anion  to  dive  the  oh..rv.d  rate  a.  V„..  a  decreed  rate  i.  oh.erved 
The  .echani..  offered  for  these  .y.te  can  be  ,eneralire  . 
aotivat.  hydropen  peroxide  hy  coordination  of  the  peroxide  to  a  .etal  cent  . 
the  conplex  u.ed  et  be  capable  of  binding  ChH  to  a  atrongly  .«  i= 
coordination  poaition.  The  atability  conatant.  for  aucce.aive  Uga  d  br^- 
can  be  enployed  to  .elect  metal  complex.,  that  have  the  potential  t 
activate  CH".  The  ..guenc.  of  formation  conatant.  muat  allow  the  exi. 

f  ague  con^lexe.  with  which  C.'  can  react  by  di.placing  water  from  atrong 

»TT\  the  2*1  (CuCDz)  formation  constant 
a-  1  t-aT s  For  copper {II )r  tne  \ 

binding  metal  orbitais.  to 

(When  b  i.  bidentate,  meat  be  low  enough  relative  to  1  =  1  CCu,b„  to  p^ 
eub.tanti.1  ..antitie.  of  the  1:1  cor^lex  to  exi.t  in  aolution.  Per  « 
ion.  With  fewer  d-electrona,  atrong  axial  coordination  poaition.  exi.  • 
Bidentate  ligand  coxpl.x.a,  «L,  .trongly  bind  0:»-  and  activate  peroxr  e. 
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DATA  TABUIS 


1  TABLE  1 

Dependence 

of  Quinaldine  Blue  Oxidation  rate  on  Peroxide,  CuCPA)*^  and  I 

Substrate  Concentratxons 

Bun  • 

I Quin.  Blue] 

.  ;;iCu'{BA)*] 

Rate^  • 

1 

5.70  X  10"^ 

3.0  X  10'^ 

2.9  X  10‘* 

8.4  X  10*’ 

2 

5.70  X  10"* 

%\ 

8.3  X  10*’ 

3 

2.86  X  10'® 

\\ 

7.9  X  10*’ 

4 

2.86  X  10"^ 

%\ 

7.8  X  10*’ 

5 

8.59  X  10‘® 

%\ 

7.9  X  10*’ 

6 

8.59  X  10'^ 

7.6  X  10*’ 

7 

1.72  X  10'^ 

\\ 

7.1  X  10*’ 

8 

2.86  X  10'^ 

%> 

7.3  X  10*’ 

9 

2.86  X  10'^ 

%\ 

1.4  X  10'® 

9.2  X  10*® 

10 

\\ 

%\ 

1.8  X  10'® 

2.0  X  10*® 

11 

W 

%\ 

2.3  X  10'® 

5.4  X  10*® 

12 

W 

W 

1.1  X  10*® 

3.2  X  10*’ 

13 

2.9  X  10*® 

7.3  X  10*’* 

14 

8.6  X  10*® 

9.3  X  10*’ 

15 

2.0  X  10"® 

2.9  X  10*® 

7.6  X  10*’ 

16 

1.0  X  10"® 

7.5  X  10*’ 

All  concentrations  are  M. 

Rates  are  expressed  as  M  sec  . 
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a.  [CopperdD]  =  2.8  x  10'^  M;  (hydrogen  pyoxide]  =  2.8  x  10'^  M.  All 
reaction  solutions  were  buffered  at  pH  -  9.1. 

b.  Rates  are  sec"^. 
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2 


tr  fo 


[CU{II)] 


11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


AcAc 

2.86  X  10“^ 

AcAc 

9.16  X  10'® 

AcAc 

4.66  X  10"^ 

AcAc 

1.15  X  10'^ 

AcAc 

5.73  X  10"* 

AcAc 

2.86  X  10‘* 

TMED 

TMED 

TMED 

TMED 

TMED 

TMED 

TMED 

TMED 

TMED 

TMED 


2.86  X 
2.86  X 
9.16  X 
9.16  X 
4.66  X 
4.66  X 
1.15  X 
5.73  X 
5.73  X 
2.86  X 


10'^ 

10'^ 

10'^ 

10"’ 

10'^ 

10-’ 

10'’ 

10'* 

10‘* 


5.8 

5.0 

4.5 
4.4 
3.0 
3.2 

1.6 
1.0 
0.97 
0.40 
0.383 


Concentrations  are  M; . 
Rates  units  are  M  sec  . 


TABLE  5 

Values  for  V»ax  ^ 

Determined  for  the  Copper  (II)  Complexes  of  Various  1 
Liqands  I 

.Ligand  ■ 

PA 

7.9  X  10'^ 

<  8  X  10*' 

LEU 

8.8  x  IC’ 

<  8  X  10*’ 

AcAc 

1.1  X  10*® 

9.4  X  10*’ 

TMED 

9.1  X  10*’ 

1.4  X  10*® 

BPA 

8.1  X  10*® 

4.8  X  10*® 

Vmax  is  expressed  for  [Cu(II)]  =  2.8  x  10  *  M. 


26 


FIGURE  CAPTIOKS 


Figure  1:  Oxidation  of  quinaldine  blue  with  hydrogen  peroxide  catalyzed  by 

copper(II)  chloride  +  picolinic  acid.  IH2O2]  =  2.9  x  10’^  K,  [Cu{II)J  = 
2.9  X  10’^  M. 

Figure  2:  Effect  of  ligandrmetal  ratio  on  the  rate  of  quinaldine  blue 

oxidation.  lCu{II)]  =  2.9  x  10*^  [H2O2]  =  5.7  x  10"*^  M.  All  rates  are 

expressed  Msec*^. 

Figure  3:  Effect  of  pH  on  the  rate  of  quinaldine  blue  oxidation.  ICu(II)  = 
5.7  X  10“^  M.  Rates  are  expressed  in  Msec*^. 

Figure  4:  The  Proposed  Mechanism. 

Figure  5a  and  5b:  Proposed  structures  for:  a)  a  bound  peroxide  and  b)  a 
hydrogen-bond  stabilized  copper-hydroperoxide  complex. 
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ABSTRACT 


Temperature  dependent  adsorption  Isotherms  for  a  series  of  adsorptives  on  two 
microporous  carbonaceous  solids,  are  used  to  develop  a  method  that  characterizes  the 
affinity  of  an  adsorbent  for  gas  molecules.  A  predominantly  carbon  adsorbent  (A-572), 
and  a  nitrogen  containing  adsorbent,  pyrolyzed  poly-acrylonitrile  (PPAN),  are  studied. 

A  multiple  process  equilibrium  Interpretation  of  the  data  Is  used  to  calculate  adsorption 
equilibrium  constants  for  the  distribution  of  the  adsorptive  between  the  gas  and  the 
solid.  Equilibrium  constants  for  three  distinct  processes  (Ki.ad,  K2.ad,  and  K3.ad)  are  found 
to  describe  most  of  the  gas-solid  adsorption  isotherms  on  both  solids.  The  analysis 
shows  that  the  first  process  (Ki.ad),  involves  adsorption  of  the  gas  by  the  solid  surface  in 
mlcropores  of  molecular  dimensions.  The  second  process  involves  adsorption  in 
slightly  larger  micropores.  The  third  process  involves  adsorption  by  larger  micropores 
that  can  accomodate  bilayer  adsorption,  and  for  condensible  gases  multilayer 
adsorption.  In  order  to  define  the  n’s  and  ICs  for  the  three  processes,  Isotherms  are 
measured  at  several  temperatures.  In  this  model,  the  n-values  are  temperature 
independent.  Enthalpies  for  these  processes  result  from  the  temperature  dependent 
isotherms.  The  free  energies  of  adsorption  plot  up  linearly  with  the  enthalpies. 

For  adsorptives  which  possess  little  or  no  dipole  moment  there  is  a  direct 
relationship  between  their  polarizability  and  both  the  In  Kad  values  and  the  enthalpies  of 
adsorption.  Molecules  with  a  dipole  moment  are  adsorbed  more  effectively  by  the  solid 
than  Is  expected  on  the  basis  of  their  polarizability  fi.e..  Ki.ad  is  larger  than  expected). 
The  free  energies  and  enthalpies  of  adsorption  of  all  adsorptives  on  A-572  correlate 
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with  the  van  der  Waals  constant  of  the  adsorptive  to  afford  predictions  of  the  affinity  of 
these  solids  for  gases  that  have  not  been  measured.  The  polar,  acceptor  adsorbate 
.SO2  is  shovvn  to  undergo  specific  donor-acceptor  interactions  with  PPAN  by  the  van  der 
Waals  correlation.  The  utility  of  this  information  for  catalytic,  gas  storage  and 
separation  applications  is  illustrated. 

A  quantity,  referred  to  as  effective  pressure  (Peif),  is  Introduced  to  compare  the 
concentrating  power  of  different  microporous  solids.  Effective  pressure  is  of  utility  In 
catalytic  systems  as  It  indicates  the  pressure  that  would  have  to  be  applied  to  an  ideal 
gas  to  attain  a  comparable  concentration  of  reactants.  The  magnitude  of  P.^  is  related 
to  adsorptive  properties  and  is  influenced  by  the  surface  area,  pore  size,  pore 
distribution,  polarity,  dispersion,  and  reactivity  of  the  support. 


INTRODUCTION 

The  desirable  properties  of  porous  carbonaceous  adsorbents  for  separation 
processes’  and  as  novel  supports  for  catalytic  reactions^  have  motivated  fundamental 
studies  of  gas-solid  equilibria.  In  the  first  article  in  this  series,®  adsorption  isotherms 
were  analyzed  through  a  series  of  equilibria  of  the  form  shown  In  Equation  (1). 

S(s)  A(g)  SA(s)  ("I ) 

To  afford  generality  for  the  model  and  encompass  physisorption.  Equation  (1) 
describes  a  process  and  not  necessarily  a  chemical  reaction.  In  the  case  of  a  single 
adsorption  process,  the  equilibrium  constant  for  this  process  Is  rearranged  to  produce 
the  equilibrium  expression  of  Equation  (2), 
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(2) 


[SA], 


*^iKi,»i)IA]g 

1+K,JA], 


where  Ki.,d  is  the  adsorption  equilibrium  constant,  ni,  is  the  capacity  of  the  solid  for  the 
adsorption  process,  [SA]*  is  the  amount  of  adsorbate  on  the  solid,  and  (A]g  is  the 
concentration  (in  atm)  of  the  gaseous  adsorptive  in  equilibrium  with  the  solid. 

In  porous  solids,  adsorption  processes  of  different  affinities  are  expected  to 
occur  giving  rise  to  a  series  of  equilibria.  Each  of  the  i  equilibria  is  described  by  an 
equation  similar  to  Equation  (1)  and  each  corresponds  to  a  different  adsorption 
process,  Si  A(s),  in  Equation  (1),  with  a  corresponding  equilibrium  constant,  Ki,ad  .and 
capacity  ni .  The  equilibria  involving  multiple  processes  are  related  to  the  total  amount 
of  adsorbate  on  the  solid,  [SA]s,  by  Equation  (3). 


ISA].  =  Z 

I 


(3) 


It  is  important  to  emphasize  that  these  processes  may  involve  either  a  reversible 
chemical  reaction,  in  which  case  ni  refers  to  a  site,  or  a  physical  adsorption  process,  in 
which  case  Oi  refers  to  a  process  capacity.  The  number  of  processes,  i,  employed  are 
the  minimum  needed  to  fit  all  the  points  of  the  adsorption  isotherm  as  accurately  as 
they  are  known.  A  given  Ki.ad  value  may  Include  groups  of  processes  whose  individual 
K,ad  values  are  so  similar  that  experimental  precision  does  not  allow  this  analysis  to 
distinguish  them.  Fortunately,  for  most  applications  each  of  these  groups  can  be 
treated  as  an  average  process. 

Even  in  the  case  of  a  two  process  system,  solving  for  the  points  of  a  single 
adsorption  isotherm  with  four  unknowns  (ni,  Ki.ad,  na  and  K2.ad)  leads  to  a  very  shallow 
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minimum  in  the  data  fit  and  uncertain  parameters.®’^  Collecting  isotherms  at  a  series  of 
different  temperatures  has  been  shown  to  circumvent  this  problem.®  Since  the  n;  values 
of  the  model  are  expected  to  be  temperature  independent,  each  new  temperature 
introduces  only  new  Kad’s  as  unknowns.  For  a  three  process  fit,  the  6:1  ratio  of 
unknowns  to  Isotherms  at  one  temperature  becomes  9:2  at  two  temperatures,  12:3  at 
three,  15:4  at  four,  etc.  The  resulting  higher  ratio  of  knowns  to  unknowns  leads  to  a 
better  definition  of  the  minimum  In  the  fit  of  the  combined  data  set.  As  an  added 
benefit,  the  temperature  dependence  of  the  Ki.ad’s  provides  the  enthalpies  of  the 
adsorbate  interactions  for  each  of  the  i-processes  involved. 

This  procedure  is  complimentary  to  the  method  and  the  advantages  of 

the  multiple  process  analysis  are  the  quantitative  thermodynamic  measures  of  the 
interactions  obtained.  In  the  first  article  in  this  series,®  data  were  presented  for  N2,  CO, 
and  CO2  Interacting  with  a  porous  carbon,  Ambersorb®  572(A-572),  and  a  porous 
pyrolyzed  polyacrylonitrile  adsorbent,  PPAN.^’®®  The  data  at  several  different 
temperatures  are  fit  very  well  to  three  processes  \ft^en  each  nj  is  required  to  be  the 
same  at  every  temperature.®  The  three  processes  were  interpreted  to  correspond  to 
gas  adsorption  on  the  surface  of  the  very  small  micropores  (i=1),  gas  adsorption  on  the 
surface  of  larger  micropores  (i=2),  and  gas  and  multilayer  adsorption  to  the  rest  of  the 
micropores  and  solid  surface  (i=3).  In  this  article,  the  number  of  different  gases 
employed  in  the  original  study  is  expanded  to  include  larger  adsorptives  and  an 
acceptor  molecule  in  order  to  advance  our  understanding  of  the  fundamental 
interactions  involved  in  gas-solid  equilibria  and  in  order  to  quantify  the  adsorption 
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processes  for  different  solids.  An  improvement  in  the  methodology  of  the  earlier 
analysis®  is  the  simultaneous  fitting  of  adsorption  isotherms  at  all  temperatures  studied. 
This  new  procedure  leads  to  an  Improvement  in  the  K’s,  n’s,  and  AH’s  reported  earlier. 

In  interpreting  each  of  the  isotherms,  the  process  capacities  ni,  nz,  na  and 
adsorbate  molar  volumes  will  be  compared  to  pore  volumes  from  conventional  Nz 
porosimetry  methods.  In  addition,  the  n-values  and  the  literature  reported  cross 
sectional  areas  of  the  adsorptive  are  used  to  calculate  an  area^°  that  can  be  compared 
to  surface  areas  from  conventional  Nz  BET  analyses.^  Finally,  -AG  and  -AH  values  are 
correlated  to  molecular  properties  of  the  adsorbate  leading  to  a  definition  of  the 
dispersion  and  polarity  characteristics  of  the  adsorbent.  These  comparisons  and 
correlations  are  very  Important  for  they  Indicate  that  the  parameters  from  the  data  fit 
have  meaning  In  the  context  of  the  model  employed. 

EXPERIMENTAL 

Gases  and  Supports. 

The  gases  He  and  Nz  (99.99%  purity)  were  obtained  from  Liquid  Air,  Inc.  The 
gases  CH4.  CO,  COz,  CzHe  and  C3H8  (99.99%  purity)  were  purchased  from  Matheson 
Gas  Company.  The  gas  SOz  was  obtained  in  a  lecture  bottle  from  Aldrich.  The 
adsorbents  were  desorbed  under  a  vacuum  of  <10  ®  torr  at  200  °C  for  at  least  8  hours 
before  adsorption  data  was  collected. 
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Characterization  of  Supports. 

Carbon,  hydrogen,  and  nitrogen  analyses  (C,  H,  N)  were  performed  by  the 
University  of  Florida  elemental  analysis  laboratory:  A-572,  %C  =  91,  %H  =  0.3, 

%N  =  0;  PPAN,  %C  =  70,  %H  =  1.5,  %N  =  5.0.  Surface  area  and  pore  volume  data 
were  obtained  from  the  N2  isotherm  at  77  K  using  a  Micromeritics®  ASAP  2000 
Instrument.  Surface  areas  were  determined  using  a  five  point  Brunauer-Emmett-Teller 
(BET)  calculation.®*^  Micropore  volume  was  determined  using  the  Harkins-Jura  t-plot 
model  with  thickness  parameters  from  5.5  -  9.0  A.^’  The  Barrett-Joyner-Halenda  (BJH) 
adsorption  curve  was  used  for  calculating  meso-  and  macropore  volumes.^^  All 
calculations  were  carried  out  using  the  Micromeritics®  ASAP  2000  Instrument 
software.'®  A-572  has  a  surface  area  of  1 160  m®/g  and  PPAN  880  m®/g.  The  micropore 
volumes  are  0.43  and  0.33  mUg  respectively;  mesopore  volumes  are  0.28  and  0.13 
ml_/g  and  macropore  volumes  0.21  and  0.09  mL/g. 

Adsorption  Measurements. 

The  uptake  of  gases  by  the  solids  was  measured  using  the  Micromeritics*  ASAP 
2000  Chemi  system.  All  adsorptions  were  reported  at  values  between  0.5  and  760  torr 
which  Is  the  limit  of  our  Instrumentation  and  which  reflects  our  interest  In  the  catalytic 
behavior  and  adsorptive  applications  of  these  materials  at  ambient  pressures. 

Adsorption  measurements  were  obtained  on  the  Micromeritics®  instrument  after 
the  samples  were  degassed  at  200  °C  for  a  minimum  of  8  hours  under  vacuum.  The 
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procedure  was  previously  described.®  The  adsorption  isotherms  are  available  as 
supplementary  material. 

Experience  in  the  multiple  equilibrium  analysis  of  adsorption  isotherms  enables 
us  to  describe  optimal  conditions  for  data  collection.  An  accurate  characterization  of  a 
process  requires  collecting  10-20  data  points  that  cover  a  range  from  zero  to  at  least 
70%  of  the  process  capacity.  This  is  best  accomplished  by  measuring  an  isotherm  ten 
degrees  above  the  critical  temperature  and  carrying  out  a  preliminary  analysis. 
Subsequent  experiments  should  use  temperatures  and  pressure  increments  that  permit 
roughly  10-20  data  points  to  be  collected  as  the  capacity  of  Hi  is  filled  and  a  similar 
number  at  a  temperature  region  at  which  n2  is  filled  to  70%  capacity.  The  pressure 
increments  will  vary  with  temperature.  A  good  definition  of  the  K’s  and  n's  for 
processes  1  and  2  will  result. 

To  define  process  3,  experiments  should  be  carried  out  at  or  below  the  critical 
temperature  where  70%  of  the  na  capacity  can  be  filled  by  1  atm  external  pressure.  At 
these  temperatures  it  will  be  very  difficult  to  collect  many  data  points  before  process  1 
is  completed  so  Ki  will  be  poorly  defined.  However,  ni  Is  known  from  studies  at  higher 
temperatures  and  a  more  accurate  Ki  can  be  calculated  from  the  van’t  Hoff  plot. 

The  experimental  adsorption  isotherms  were  analyzed  using  Equation  (4)  where 
[SA]s  is  the  experimentally  measured  total  number  of  millimoles  of  gas  adsorbed  per 
gram  of  solid,  Patm  is  the  equilibrium  gas  pressure  in  atmospheres,  ni  the  available 
capacity  for  process  i  in  millimoles  per  gram  of  solid  and,  Kj.ad  is  the  adsorption 
equilibrium  constant  for  process  I  in  atm’\  The  best  fit  ni  and  Ki,ad  values  were 
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determined  using  a  modified  simplex  routine  designed  to  solve  Equation  (4)  for  a  series 
of  isotherms  at  a  series  of  temperatures. 


ISA].  = 
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In  our  previous  work,  adsorption  isotherms  were  obtained  at  various 
temperatures  and  the  data  set  for  each  individual  temperature  was  fit  to  three 
processes.  The  ni  values  were  determined  by  a  series  of  iterations  between  the 
individual  temperature  data  sets.  In  this  article  the  determination  of  the  n’s  and  ICs  was 
carried  out  by  analyzing  the  data  sets  at  all  temperatures  simultaneously.  In  order  to 
prevent  the  minimization  routine  from  settling  Into  a  false  minimum,  fi.e.,  one  where  the 
minimum  value  for  the  sum  of  the  residual  is  not  obtained),  the  initial  guesses  of  the 
parameters  have  to  be  close  to  the  actual  values.  This  is  accomplish  as  outlined 
below. 

The  measured  adsorption  pressure  data  is  converted  to  relative  pressure  and 
the  amount  of  gas  adsorbed  Is  converted  from  cc/g  to  mols/g.  Langmuir  Isotherms,  Le., 
pressure  divided  by  mols  ads  [(PIPo)/n]  vs.  pressure  (P/Po),  are  prepared  for  each 
temperature.  This  plot  is  divided  into  three  linear  regions.  A  Langmuir  analysis  of  the 
slopes  and  Intercepts  from  a  least  square  determination  provide  initial  values  for  the  n’s 
and  ICs  in  the  non-linear  simplex  minimization  of  the  multiple  temperature  data  fits.  It 
should  be  noted  that  the  initial  ni  and  n2  values  from  the  Langmuir  analysis  are  in  close 
agreement  at  all  temperatures.  In  the  combined  data  fit,  the  n’s  are  allowed  to  vary 
with  the  constraint  that  they  be  the  same  at  all  temperatures.  The  first  iterative  set  of 
best  fit  n’s  and  K’s  result.  These  values  are  used  as  Initial  guesses  for  a  second 
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minimization  leading  to  new  n’s  and  K’s.  The  process  is  repeated  until  the  initial 
guesses  and  final  n’s  and  K’s  are  the  same. 

For  data  sets  involving  adsorbates  that  have  only  been  studied  well  above  the 
critical  temperature,  the  process  described  above  is  employed,  but  more  iterations  are 
required  to  achieve  minimization. 

RESULTS  AND  DISCUSSION 

Supports  and  Adsorbates. 

Two  chemically  different  porous  carbonaceous  supports  were  studied  with  a 
series  of  different  gases.  This  research  has  focused  on  the  carbonaceous  adsorbents 
Ambersorb®  572  (A-572)  which  is  made  by  pyrolyzing  sulfonated,  macroreticular 
polystyrene  beads  and  a  pyrolyzed  polyacrylonitrile  (PPAN)  material.^  Both  solids  have 
BET  surface  areas  around  1000  m^/g  and  a  distribution  of  pores  including  micropores, 
mesopores,  and  macropores.  Measurements  using  these  adsorbents  enable  us  to 
compare  properties  of  a  predominantly  carbon  containing  solid  material  and  one  with 
extensive  nitrogen  donor  functionality. 

The  gases  used  In  the  adsorption  measurements,  Table  1,  were  selected  to 
encompass  a  range  of  polarity,  polarizability,  and  acceptor  properties.  Helium  is  taken 
as  a  reference  zero  point  to  determine  the  dead  volume  of  the  support  and  its 
properties,  as  well  as  those  for  other  gases  studied,  are  listed  in  Table  1.  The  non¬ 
polar  adsorptives  N2  and  CH4  as  well  as  the  slightly  polar  CO,  are  noncondensible 
gases  since  the  critical  temperatures  of  these  probes  are  below  the  temperature  of  the 
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measurements.  These  probes  are  subject  to  solid-probe  and  bilayer  interactions,  but 
do  not  give  rise  to  capillary  condensation  in  the  mesopores  and  large  micropores. 
Condensible  adsorptives  are,  in  principle,  subject  to  both  solid-probe  and  multilayer 
interactions,  as  well  as  capillary  condensation.  These  adsorptives  were  also  selected 
to  provide  a  range  of  properties.^^  ’®  Propane  and  ethane  are  non-polar,  CO2  is 
quadrupolar,  and  SO2  is  a  polar  adsorptive  with  acceptor  tendencies.^®  This  range  of 
properties  enables  one  to  characterize  the  dispersion,  polarity,  and  donor  properties  of 
different  adsorbents. 

Figure  1  shows  adsorption  isotherms  for  a  noncondensible  gas  (CO)  at  -93  ‘*C 
and  a  condensible  adsorptive  (SO2)  on  A-572  at  25  ®C.  The  points  in  Figure  1 
correspond  to  experimental  data,  and  the  lines  are  generated  from  the  best  fit  analysis 
using  Equation  (4).  All  of  the  adsorptives  studied  with  PPAN  and  A-572  produce  the 
Type  I  isotherms  shown  in  Figure  1  at  pressures  of  1  atm  or  less. 

Analyses  of  Noncondensible  Gases. 

Table  2  summarizes  the  results  of  data  fits  for  the  adsorptives  where  n,  Is  the 
capacity  of  the  solid  for  the  i*^  adsorption  process  in  millimoles  per  gram  of  solid  and 
Ki.ad,  the  adsorption  equilibrium  constant  in  atm’\  is  a  measure  of  the  affinity  of  the 
probe  for  the  solid  surface.  For  the  noncondensible  probe  molecules,  capillary 
condensation  does  not  occur,  but  formation  of  a  second  layer  of  adsorbate  could  be 
included  In  nz  if  K  for  the  bilayer  interaction  is  comparable  to  that  for  the  solid-gas 
interaction,  vide  infra.  It  is  also  important  to  emphasize  that  as  in  all  heterogeneous 


10 


equilibria,  the  Ki,ad  is  an  average  value  of  adsorption  by  different  solid  pores  that  have 
Kad  values  close  enough  to  be  treated,  within  experimental  error  of  the  measurement, 
as  a  single  process  in  the  data  workup. 

The  more  accurate  parameters  in  Table  2  for  N2  and  CO  differ  slightly  from 
earlier  values  that  were  calculated  by  fitting  each  temperature  separately.  The  Kad 
values  for  all  the  gases  studied  are  such  that  adsorption  by  the  second  and  third 
processes  begins  before  the  first  process  has  been  completed.  The  set  of  K.ad  and  nj 
values  make  it  possible  to  calculate  the  individual  isotherms  for  the  three  processes, 
thus  indicating  the  contribution  of  each  process  to  the  total  isotherm.  This  information 
is  presented  for  the  adsorbate  CH4  on  A-572  at  -43  °C  in  Figure  2.  Note  that  even  at 
low  pressures,  all  three  processes  contribute  simultaneously  to  the  adsorption 
isotherm.  At  the  highest  pressures  studied,  process  1  is  completed,  there  is  50% 
capacity  remaining  for  process  2  and  90%  capacity  remaining  for  process  3.  When 
experimental  data  are  solved  for  two  unknowns,  in  this  case,  Ki  and  nj,  a  process  has  to 
be  at  least  50%  completed  to  obtain  accurate  parameters.^^  Thus,  the  parameters  for 
processes  1  and  2  are  most  accurately  known  and  those  for  process  3  are  least 
accurately  known  for  the  non-condensible  gases.  Studies  at  higher  pressures  or  lower 
temperatures  are  needed  for  a  more  accurate  determination  of  process  3. 

Analyses  of  Condensible  Gases. 

The  isotherms  for  the  condensible  gases  (CaHs,  CaHe.  CO2,  SO2)  show  that  there 
is  more  adsorption  than  is  the  case  for  the  non-condensible  gases,  see  Figure  1. 
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Condensible  adsorptives  clearly  require  three  processes  for  the  data  fit  and  support 
the  adding  of  a  third  process  for  the  fit  of  the  noncondensible  gases.  The  resulting 
values  of  K,  ni  and  AH  for  condensible  adsorptives  are  also  given  in  Table  2. 

For  those  condensables  which  have  large  errors  in  the  values  of  K3.«d  and  na,  the 
third  process  at  the  respective  temperatures  is  far  from  being  completed  at  the 
pressures  studied.  For  those  condensables  that  have  large  Ki  values  with  large  errors, 
process  1  is  essentially  complete  at  very  low  pressures  after  the  first  three  data  points 
are  measured.  This  leads  to  large  errors  in  the  actual  numbers  for  Ki,  but  a  good 
definition  of  ni.  If  there  is  need  to  know  Ki  more  accurately,  ten  or  more  measurements 
could  be  made  at  lower  pressures  than  used  in  this  study  or  the  K’s  from  the  higher 
temperatures  can  be  used  to  calculate  K  at  lower  temperatures  from  the  enthalpy  and 
entropy. 

Insights  from  the  Equilibrium  Capacities. 

The  main  advantages  of  the  multiple  equilibrium  model  are  the  detailed  insights 
that  result  concerning  adsorption.  The  ni,  n2,  and  na  values  (in  moles/g)  can  be 
multiplied  by  the  molar  volume  of  the  adsorbate  as  a  liquid  to  produce  the  volumes 
available  for  processes  1 ,  2,  and  3.  This  assumes  that  adsorbed  gas  molecules  pad< 
as  effectively  on  the  solid  as  they  do  in  the  liquid.  The  results  are  given  In  Table  3. 

The  sum  of  the  capacities  for  the  three  processes  for  N2  adsorptions  on  A-572  is  0.261 
mL/g.  The  capacity  for  CO  Is  similar  at  0.271  mL/g.  These  quantities  are  less  than  the 
micropore  volume  of  0.43  mL/g  obtained  from  N2  porosimetry  and  suggest  that  the 
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entire  adsorption  isotherms  for  these  gases  correspond  to  processes  occurring  in  ~60% 
of  the  micropore  volume.  This  is  an  exciting  result  for  it  indicates  that  the  micropore 
volume  can  be  resolved  into  different  components  by  these  equilibrium  measurements. 

The  capacities  of  processes  1  and  2  are  probe  dependent  for  N2  and  CO  on  A- 
672.  CO  has  a  smaller  molar  volume  than  N2  and  could  be  accessing  ~0.006  ml  of 
smaller  pores  not  available  to  N2.  However,  more  CO  capacity  than  N2  capacity  is  also 
available  for  process  2  where  small  pore  dimensions  would  not  exclude  adsorbate. 

This  suggests  that  by  virtue  of  its  slight  polarity,  slightly  larger  pores  can  be  used  by 
CO  for  both  processes  1  and  2  than  by  N2.  The  values  of  na  are  not  known  accurately 
enough  to  interpret  the  2%  difference  for  these  two  adsorbates. 

The  data  in  Table  3  for  N2  and  CO  on  PPAN  show  a  similar  pattern  to  A-572  with 
0.201  (N2)  and  0.210  (CO)  mL/g  total  capacities  using  ~€0%  of  the  available  0.33  mL/g 
of  micropore  volume.  Even  though  the  total  micropore  volume  is  less,  the  capacity  of 
PPAN  for  process  1  is  larger  than  that  for  A-572  and  only  a  slight  difference  exists  in 
the  capacities  for  N2  and  CO.  PPAN  uses  5.4%  of  the  micropore  volume  for  process  1 
for  N2  and  A-572  uses  4.4%.  The  other  main  difference  in  the  two  solids  is  the  capacity 
for  process  3. 

The  methane,  ethane,  and  propane  capacities  of  A-572  dramatically  illustrate 
the  probe  dependence  of  the  capacities.  At  least  62%  of  the  pores  available  to  CO  for 
process  1  on  A-572  are  not  accessed  by  the  larger  adsorbate  CH4.  Since  methane 
may  use  some  of  the  CO  process  2  pores  for  process  1 ,  as  suggested  by  a  lower  n2 
value  for  CH4  than  CO,  none  of  the  process  1  pores  for  CO  may  be  accessed.  The 
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process  3  capacity  is  better  defined  for  CH4  and  is  the  same  as  N2  and  CO  within 
experimental  error  of  their  03  values.  It  is  interesting  to  note  that  process  1  and  2 
capacities  for  CO2  are  similar  to  CH4.  The  capacity  for  process  3  is  considerably  larger 
suggesting  that  the  larger  micropores  can  be  used  by  CO2  but  not  CH4  for  process  3. 

The  ethane  and  propane  capacities  indicate  that  77  and  95%  of  the  micropores 
are  used  for  the  three  processes,  respectively.  The  5%  not  used  for  propane  are  the 
smaller  process  1  pores  of  CO.  For  these  adsorbates,  some  of  the  pores  used  in 
process  2  for  CO  are  now  used  for  process  1  for  ethane  and  propane,  while  process  2 
for  ethane  and  propane,  utilize  process  3  pores  for  CO.  The  process  3  pores  for 
propane  are  not  used  for  any  of  the  three  processes  for  CO  at  the  temperatures 
studied.  The  total  volume  of  A-572  for  processes  1  to  3  for  SO2  is  0.52  mL  which 
exceeds  the  micropore  volume.  Thus,  SO2  utilizes  the  accessible  micropore  volume 
and  some  of  the  small  mesopores.  The  probe  dependence  of  the  various  adsorption 
capacities  emphasizes  the  incomplete  characterization  of  a  solid  that  Is  provided  by 
only  nitrogen  porosimetry  pore  volume  considerations. 

The  greatly  reduced  capacity  of  PPAN  for  propane  (0.28  ml)  is  consistent  with  its 
smaller  micropore  volume  (0.33  ml)  with  the  small  process  1  pores  of  CO  being 
inaccessible. 

The  probe  molecules  studied  suggest  that  the  0.43  ml  micropore  volume  of  A- 
572  consists  of  a  group  of  smallest  pores,  component  (I),  with  ~0.01  mL/g  capacity,  a 
second  group  of  slightly  larger  pores,  component  (II),  with  a  capacity  of  0.07  mL/g,  the 
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next  larger  group,  component  (III),  with  a  capacity  of  0.20  mL/g,  and  a  group  of  largest 
micropores,  component  (IV),  with  a  volume  of  0.15  mUg. 

PPAN  has  a  group  of  smallest  pores  (I)  with  ~0.02  mL/g  capacity,  a  second 
group  (II)  with  ~0.06  mL/g,  the  third  group  (III)  at  0.13  mL/g,  and  a  fourth  group  at  0.14 
mL/g.  PPAN  has  twice  the  capacity  of  smallest  pores  but  a  65%  lower  volume  for 
component  (III)  pores  than  A-572. 

The  smallest  probes  (Na  and  CO)  utilize  components  (I)  to  (III).  Methane  uses 
only  a  few  percent  of  the  component  (I)  pores  and  the  remaining  adsorption  is  in 
components  (II)  and  (III).  Larger  molecules  (CaHe,  COa,  CaHe,  SOa)  adsorb  in 
components  (II),  (III)  and  (IV).  Using  the  molar  volume  of  liquid  CH4  to  provide  an 
upper  limit  estimate  of  the  van  der  Waals  molecular  volume  and  thus  the  diameter  of 
the  sphere  produces  4.93  A.  Thus  the  component  1  pores  of  A-572  not  accessed  by 
CH4  are  less  than  4.9  A  in  diameter. 

The  surface  areas  corresponding  to  the  above  groupings  of  pores  can  be 
estimated  by  multiplying  the  millimoles  of  gas  adsorbed  by  the  cross  sectional  area  per 
millimole.  In  view  of  multilayer  formation  this  quantity  provides  an  upper  limit  for  the 
solid  surface  area  involved  in  the  process.  Table  3,  contains  the  surface  areas  that 
would  correspond  to  a  monomolecular  film  of  the  adsorbate  on  the  solid  for  each  of  the 
three  processes.  Comparing  the  areas  occupied  by  CO,  N2,  and  CH4  with  the 
micropore  surface  area  suggests  that  processes  1  and  2  for  these  adsorptives  involve 
monolayer  adsorption  of  the  gas  on  the  solid.  On  the  other  hand,  multilayer  formation 
Is  definitely  involved  in  the  larger  micropores  with  the  condensible  gases  propane  and 
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SOa-  This  coverage  suggests  that  process  1 1nvolves  gas  molecules  interacting  with 
both  walls  of  a  slit  shaped  pore;  in  process  2  a  gas  molecule  interacts  with  one  wall 
strongly  and  the  second  wall  weakly  or  two  molecules  are  adjacent  to  each  other  on 
separate  walls  Interacting  with  the  walls  and  each  other;  and  in  process  3,  adjacent  gas 
molecules  interact  with  separated  opposite  walls  and  have  a  third  or  fourth  molecule  in 
between. 

Comparison  of  Adsorptive  Affinities 

The  affinities  of  the  adsorbates  for  the  solids  have  been  quantified  with  the 
equilibrium  constants  for  adsorption  by  the  three  processes  (Ki.aci).  The  temperature 
dependence  of  K  gives  the  enthalpies  for  the  three  processes  which  are  summarized  in 
Table  2.  The  In  K  vs.  irr  plots  are  shown  for  different  adsorptives  on  A-572  in  Figure 
3.  The  magnitudes  of  the  enthalpies  of  adsorption  on  these  solids  are  indicative  of  a 
physisorption  process  and  are  dependent  on  the  adsorbate  polarizability  and  polarity. 
The  least  squares  lines  for  the  three  non-polar  (Na,  CH4,  CaHe)  and  two  slightly  polar 
(CO,  CaHe)  adsorptives  are  given  by: 


A-572 

-AH,  =  1 .19(±  0.7)a  +  3.00(±  0.6) 

=  0.942 

(5) 

-AHa  =  1 .07(+  0.9)a  +  2.58(±  0.3) 

=  0.981 

(6) 

-AH3  =  1.25(±  0.07)a  +  0.90(±  0.3) 

R^  =  0.989 

(7) 

PPAN 

-AH,  =  1 .30(±  0.1 2)a  +  2.71  (±  0.4) 

R^  =  0.982 

(8) 

-AHa  =  1.1 5(±  0.24)a  +  2.02(±  0.9) 

R^  =  0.921 

(9) 
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Plots  of  -AH  vs.  polarizability  (a)  show  the  expected  deviation  of  more  adsorption  for 
quadrupolar  CO2  and  the  polar  adsorptive  SO2. 

It  is  significant  that  the  enthalpies  for  N2,  CO,  CH4,  C2H6,and  CsHe  fall  on  a 
straight  line  for  process  1  even  though  our  analysis  of  the  capacities  indicated  that  a 
different  distribution  of  micropores  is  utilized  for  the  different  gases.  Thus,  process  1 
utilizes  pore  widths  of  molecular  dimensions.  Process  2  involves  dimensions  up  to  two 
molecules  at  their  van  der  Waals  separation  interacting  with  the  walls  and  each  other. 
Process  3  involves  larger  pores  in  which  molecules  on  opposite  walls  weakly  interact 
with  the  walls  and  bilayer  of  multilayer  absorptive  molecules.  In  this  manner,  a  given 
process,  i,  is  fundamentally  the  same  for  all  the  probes  studied,  but  different  dimension 
micropores  are  utilized  for  the  i’th  process  of  each  probe. 

The  coefficients  on  a  characterize  the  solid’s  effective  surface  polarizability  for 
each  process.  Within  experimental  error,  the  a-values  of  the  two  solids  are  the  same. 
These  equations  can  be  used  along  with  the  polarizabilities  of  other  non-polar 
molecules  to  predict  their  enthalpies  of  interaction  with  A-572  and  PPAN.  The 
deviations  of  polar  gas  molecules  from  the  polarizability  plot  can  be  used  to  further 
measure  solid  properties.  As  more  data  become  available,  the  magnitude  of  the  miss 
can  be  correlated  to  the  dipole  moment  or  other  measures  of  adsorbate  polarity  If  these 
deviations  arise  from  non-specific  interactions.  The  slope  of  the  line  of  the  deviations 
versus  adsorbate  polarity  gives  a  constant  that  characterizes  the  solid  polarity.  If  the 
deviations  arise  because  of  specific  donor-acceptor  interactions,  attempts  can  be  made 
to  characterize  the  surface  donor  or  acceptor  strength  by  fitting  the  deviations  to  the  E 
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and  C  model.'®  The  limited  data  available  at  present  do  not  permit  this  further 
characterization  of  the  surface  properties  of  A-572  and  PPAN  and  the  above  discussion 
is  presented  to  show  the  potential  of  this  model. 

With  the  data  on  hand,  it  is  possible  to  distinguish  between  non-specific  and 
specific  interactions  as  the  cause  of  the  deviation  of  polar  adsorbates  from  Equations 
(5)  -  (9).  The  van  der  Waals  constant,  a,  measures  the  interaction  of  a  gas  molecule 
with  itself.  As  a  increases,  the  intermolecular  attractive  forces  increase.  For  gases  that 
do  not  undergo  specific  intermolecular  Interactions  e.g.,  hydrogen  bonding,  a  measures 
the  relative  non-specific  dipolar  and  dispersion  intermolecular  interactions  of  gases. 
The  square  root  of  a  should  measure  trends  in  these  properties  toward  a  given 
molecule.  As  shown  in  Figure  4,  there  is  a  linear  relationship  between  the  square  root 
of  the  van  der  Waals  constant,  a,  and  the  enthalpy  of  interaction  of  the  adsorptive  with 
A-572  for  process  1.  Thus,  non-specific  interactions  of  the  gas  with  A-572  and  PPAN 
provide  the  driving  force  for  adsorption.  With  the  exception  of  SO2  on  PPAN,  all  of  the 
adsorbates  Investigated  with  A-572  and  PPAN  fall  on  or  near  a  best  fit  line  whose 
Equations  are  given  as  (10  - 14). 


A-572 

-AHi  =  3.02(±  0.26)a''^  + 1.54(±  0.53) 

=  0.96 

(10) 

-AH2  =  2.66(±  0.14)a''^  +  1.31(±  0.29) 

=  0.98 

(11) 

-AH3  =  3.24(+  0.1 5)a''^  -0.75(±  0.31) 

R^  =  0.988 

(12) 

PPAN 

-AHi  =  3.32(±  0.33)8'^^  +  1.1 6(±  0.61) 

R^  =  0.98 

(13) 

-AH2  =  2.96(±  0.57)8'^^  +  .58(±  1.10) 

R^  =  0.93 

(14) 
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For  many  applications  of  porous  solids,  the  equilibrium  constants  for  the  various 
processes  are  of  prime  concern.  Figure  5  shows  the  linear  relationship  between  -AG 
and  -AH  for  processes  1  and  2  on  PPAN  and  A-572.  Thus,  free  energies  will  correlate 
to  polarizability  and  the  square  root  of  the  van  der  Waals  a  parameter  in  the  same 
manner  as  -AH.  The  plot  of  -AG  for  A-572  vs.  a’^  is  shown  in  Figure  6  for  processes  1 
and  2.  This  plot  has  practical  utility  for  the  prediction  of  -AG  and  thus  equilibrium 
constants  for  binding  gas  molecules  to  these  solids  via  processes  1  and  2. 

In  the  correlations  of  AH  to  polarizability  and  a^'^ ,  the  slopes  of  the  lines  are 
within  experimental  error  for  a  given  process  on  PPAN  and  A-572.  The  chemical 
compositions  of  these  two  solids  differ  and  the  presence  of  nitrogen  In  the  aromatic 
rings  of  PPAN  has  little  influence  on  the  polarizability  and  polarity  of  the  ji-system 
comprising  the  solid  surface. 

Specific  donor-acceptor  interactions  of  adsorbate  molecules  with  a  solid  surface 
are  expected  to  give  rise  to  deviations  in  the  van  der  Waals  plots  if  these  interactions 
are  stronger  than  those  in  the  gaseous  adsorbate.  We  conclude  that  the  solid- 
adsorbate  interactions  for  the  systems  correlated  by  Equations  10-14,  Involve  non¬ 
specific  interactions.  The  possibility  exists  that  there  may  be  a  small  concentration  of 
catalytically  active  donor  sites.  The  fact  that  the  adsorption  data  for  the  lowest 
measured  pressures  at  the  higher  temperatures  are  fit  by  Ki.ad  suggests  that  if  any 
strong  donor-acceptor  sites  are  present  they  must  be  at  concentrations  per  gram  of 
solid  less  than  1 0'®  moles  per  gram. 
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In  contrast  to  the  behavior  of  SO2  on  A-572  (3-process  fit,  correlations  of  log  K 
and  AH  to  a^^),  this  absorptive  on  PPAN  requires  a  four  process  fit  with  process  1 
producing  a  large  K  and  AH  that  leads  to  deviations  in  the  plot  vs.  a'^.  This  result 
Indicates  a  specific  donor-acceptor  interaction  of  SO2  with  donor  sites  on  PPAN.  The 
amount  of  this  donor  functionality  is  0.66  millimoles/g.  The  enthalpy  of  17.1  kcalmole*' 
contains  both  a  dispersion  and  donor-acceptor  component.  Consistent  with  this 
interpretation,  the  log  K  and  -AH  for  process  2  would  correspond  to  that  of  process  1  on 
A-572,  process  3  would  correspond  to  process  2  and  process  4  to  process  3.  The 
corresponding  values  of  K  and  -AH  for  processes  2-4  are  reasonable  In  the  context  of 
Equations  13  and  14  as  well  as  in  the  log  K  counterparts. 

Practical  Utility  of  the  Data  in  Table  2 

The  multiple  equilibrium  model  leads  to  important  practical  as  well  as 
fundamental  information  for  characterizing  porous  solids.  The  thermodynamic 
parameters  permit  comparison  of  the  affinity  of  a  solid  for  different  adsorptives.  The 
relationship  shown  in  Figure  6  permit  the  estimation  of  Ki.,d  for  any  small  molecule 
whose  van  der  Waals  parameter  is  known.  This  information  Is  important  for  selection 
of  a  solid  material  as  a  support  for  a  catalytic  reaction  or  for  separation  applications. 
Porosity  is  expected  to  produce  desirable  results  in  a  catalytic  reaction  when  the 
products  have  a  lower  affinity  for  the  solid,  Ka  a  smaller  Ki,ad,  than  the  reactants.  In 
using  these  carbonaceous  adsorbents  to  separate  mixtures  of  these  gases,  the  best 
separation  will  be  achieved  for  materials  with  a  large  difference  in  intermolecular 
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attraction.  For  the  comparison  of  different  solids  as  adsorbents,  consider  CH4  as  the 
adsorptive.  It  is  a  nonpolar,  nonreactive,  and  noncondensible  gas.  A-572  has  a 
capacity  of  0.25  mL/g  whereas  PPAN’s  is  0.21  ml_/g.  Process  1  has  a  larger  capacity, 
but  a  smaller  K  is  found  for  PPAN  than  for  A-572.  Thus,  if  CH4  needed  to  be  removed 
from  a  dilute  gas,  A-572  would  be  a  more  effective  material,  but  would  have  a  lower 
capacity  if  only  the  process  1  pores  were  utilized. 

The  use  of  carbon  for  storage  and  transport  of  CH4  is  an  active  research  area. 
This  study  would  suggest  that,  based  on  capacity,  A-572  is  a  better  storage  solid  than 
PPAN  at  one  atmosphere  external  pressure.  However,  the  smallest  4%  of  the 
micropore  volume  of  A-572  is  not  utilized  nor  is  the  larger  45%  of  the  micropores,  the 
mesopores,  or  the  macropores.  These  results  indicate  how  to  modify  the  design  of  the 
solids  pore  distribution  to  produce  a  more  desirable  material  for  this  application.  Using 
the  diameter  of  4.93  A  for  CH4.  calculated  from  the  molar  volume  of  liquid  CH4.  an 
optimal  storage  material,  involves  synthesis  of  a  solid  with  a  large  pore  volume  whose 
pore  diameters  range  from  4.9  to  1 0  A. 

Effective  Pressure. 

The  adsorption  equilibrium  constants  (Ki.ad)  provide  a  quantitative  description  of 
the  amount  of  adsorption  of  an  adsorptive.  For  heterogeneous  catalytic  processes,  the 
ability  of  the  porous  support  to  concentrate  reactants  around  the  catalytic  center  can 
lead  to  increased  reaction  rates.  For  a  homogeneous  gas  phase  reaction,  the 
concentration  is  increased  by  increasing  the  pressure  of  the  gas.  It  is  enlightening  to 
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compare  the  concentration  effect  of  porosity  by  calculating  an  effective  pressure,  P^, 
that  would  have  to  be  applied  to  an  Ideal  gas  to  obtain  a  concentration  In  the  gas  phase 
equal  to  the  moles  of  gas  adsorbed  per  ml  of  pore  volume  within  the  support.  The 
number  of  moles  of  gas  adsorbed  varies  with  the  pressure  of  gas  over  the  solid,  the 
temperature,  and  the  type  of  adsorbent.  For  any  given  adsorptive.  Pen  provides  a  facile 
comparison  of  the  concentrating  power  of  solid  supports.  For  illustrative  comparisons 
of  solids  and  adsorptives,  P,tr  Is  calculated  at  an  external  pressure  of  1.0  atm  and  room 
temperature.  Other  temperatures  and  pressures  can  be  used  depending  upon  the 
desired  application  of  the  solid.  Using  the  idea!  gas  law,  the  number  of  moles 
adsorbed,  and  the  total  micropore  volume  of  the  solid,  Equation  (10)  is  used  to 
calculate  Pen. 


D  _  ^od,  1 

f'eff  -  „ 

^  micropores 


(10) 


This  quantity  represents  the  pressure  that  would  have  to  be  exerted  on  an  ideal  gas  in 
a  container  whose  volume  corresponds  to  the  volume  of  the  micropores  in  order  to 
obtain  a  comparable  concentration  of  gas.  By  using  the  total  micropore  volume,  we  are 
In  effect  assuming  that  processes  1 ,  2,  and  3  provide  a  reactant  reservoir  for  catalysis 
in  all  the  micropores. 

For  many  reasons,  Petr,  is  a  semi-quantitative  concept.  A  gas  under  these 
conditions  would  not  be  ideal,  the  adsorbate  is  distributed  over  all  the  adsorption 
processes,  and  condensables  are  Involved  in  multilayer  interactions.  The  utility  of  this 
quantity  is  to  provide  a  dramatic  comparison  of  the  influence  of  porosity  on  reactivity  by 
expressing  the  influence  of  porosity  in  terms  of  the  more  widely  appreciated  influence 
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of  pressure  on  the  reactivity  of  a  homogeneous  gas  phase  reaction.  The  influence 
would  be  even  greater  than  Peir  indicates  for  reactions  involving  only  process  1  or  only 
processes  1  and  2  pores. 

Table  4  summarizes  the  number  of  moles  of  various  gases  adsorbed  at  an 
equilibrium  pressure  of  1.0  atm,  and  the  calculated  Petr,  for  all  of  the  Isotherms 
measured  for  PPAN  and  A-572.  Again,  the  adsorptives  can  be  separated  into  two 
categories:  noncondensable  and  condensable.  The  first  group  of  gases  cannot  be 
liquefied  at  any  effective  pressure.  The  second  group  of  gases  can  be  condensed  if  Petr 
Is  large  and  the  temperature  is  below  the  critical  temperature.  The  P^  for  condensible 
gases  is  unreasonably  large  consistent  with  these  materials  condensing  as  liquids 
through  multilayer  adsorption  within  the  micropores  and  small  mesopores  at  the 
internal  pressures  inside  the  support.  Reactions  of  these  materials  approach 
concentrations  corresponding  to  reactions  of  the  liquid.  Under  these  conditions,  the 
pressure  generated  by  the  solid  porosity  can  be  assumed  to  be  the  partial  pressure  of 
the  liquid  adsorptive  and  P®#  is  simply  a  measure  of  the  moles  of  adsorbate  per  unit 
volume  of  solid. 

The  data  in  Table  4  Indicates  that  although  A-572  has  a  greater  capacity  for  the 
various  adsorptives,  the  concentrating  power  of  PPAN  is  greater.  For  example,  more 
CO  Is  adsorbed  by  A-572  (0.56  mmols/g  solid)  than  by  PPAN  (0.50  mmols/g  solid). 
Since  PPAN  has  a  much  smaller  total  micropore  volume  than  A-572,  the  effective 
pressure  of  CO  in  the  pores  of  PPAN  (37.2  atm)  is  larger  than  In  A-572  (32.0  atm).  The 
same  comparison  can  be  made  for  all  of  the  adsorptives. 
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The  utilization  of  the  data  in  Table  4  to  illustrate  the  importance  of  porosity  for 
catalytic  reactions  can  be  illustrated.  Consider  a  reaction  of  CH4  that  requires  an 
external  pressure  of  70  atm  in  order  to  occur  at  room  temperature.  If  PPAN  is  the 
catalyst,  with  active  sites  in  the  micropores,  the  reaction  can  be  carried  out  at  one  atm 
external  pressure  and  a  higher  CH4  concentration  attained  in  the  PPAN  catalyst  than 
with  the  gas  at  70  atm.  It  should  be  pointed  out  that  if  PPAN  or  A-572  were  used  as  a 
support  to  which  a  catalyst  is  added,  the  process  capacities  and  moles  of  gas  adsorbed 
by  the  supported  catalyst  would  have  to  be  redetermined  to  calculate  the  effective 
pressure. 

If  the  Peff  indicates  that  one  of  the  reactants  is  present  as  a  liquid  in  the  pores, 
and  the  other  a  gas,  the  reaction  in  the  porous  solid  is  comparable  to  carrying  out  a 
liquid-gas  reaction.  Condensation  of  the  liquid  reactant  could  slow  transport  of  the 
gaseous  reactant  to  the  catalyst,  and  the  reaction  will  be  slowed.  If  the  reaction 
product  is  adsorbed  more  effectively  than  the  reactants,  product  inhibition  will  occur. 
For  these  reactions,  microporosity  would  be  detrimental.  These  considerations  suggest 
that  high  surface  area  which  often  parallels  high  porosity,  does  not  provide  a  complete 
picture  of  catalytic  reactivity.  The  information  from  equilibrium  analyses  has  the 
potential  to  lead  to  a  major  advance  in  the  understanding  of  and  a  rational  basis  for 
support  selection  for  heterogeneous  catalysis  and  adsorption. 
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CONCLUSIONS 


F 


Adsorption  isotherms  as  a  function  of  pressure  for  non-acceptor  adsorptives  at 
multiple  temperatures  support  a  three  process  equilibrium  model  for  the  two 
carbonaceous  adsorbents  A-572  and  PPAN.  Comparison  of  the  volume  of  gas 
adsorbed  with  the  pore  volume  from  H-J  t-plots  and  BJH  analyses  indicates  that  the 
three  processes  are  occurring  in  the  micropores.  The  surface  areas  of  non¬ 
condensible  adsorbate  molecules  are  comparable  to  the  solid  micropore  surface  areas 
suggesting  a  monomolecular  coverage.  Process  1  is  occurring  in  slit  shaped 
micropores  whose  walls  are  separated  by  van  der  Waals  molecular  dimensions, 
process  2  occurs  in  micropores  of  dimensions  slightly  larger  than  the  molecular 
dimensions  and  process  3  utilizes  the  remaining  micropores  with  monolayer  and  bilayer 
coverage.  Condensible  gases  undergo  multilayer  Interactions  in  the  larger  pores. 

The  model  provides  free  energies  and  enthalpies  for  different  probe  molecules 
participating  in  the  three  processes.  These  results  correlate  with  the  polarizabilities  of 
non-polar  molecules  and  provide  a  measure  of  the  solid  surface  polarizability  showing 
that  A-572  and  PPAN  are  similar.  Deviations  of  CO2  and  SO2  on  A-572  from  the 
polarizability  plot  and  their  correlation  to  a  van  der  Waals  plot  suggest  these 
interactions  involve  non-specific  van  der  Waals  forces.  The  magnitude  of  the 
deviations  of  SO2  from  the  polarizability  plots  suggest  PPAN  is  a  more  polar  surface 
than  A-572.  These  conclusions  about  surface  polarity  and  polarizability  are  supported 
by  comparison  of  the  AG  values  of  non-polar  and  polar  adsorbates  on  the  two  solids. 


25 


The  correlation  of  -AG  and  a''^  enable  one  to  predict  the  relative  affinities  of  adsorbates 
whose  van  der  Waals  constants  are  knovwi. 

In  addition  to  the  adsorption  equilibrium  constant,  the  effective  pressure  is 
proposed  to  indicate  the  ability  of  solid  supports  to  concentrate  gases  in  catalytic 
systems.  In  the  area  of  catalysis,  high  surface  area  is  normally  desired  In  order  to  get 
high  reactivity  per  gram  of  catalyst.  The  concentrating  effects  of  highly  porous 
supports  add  a  second  factor  to  surface  areas  to  consider  in  the  interpretation  of 
results  and  selection  of  solid  materials  as  catalyst  supports. 
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1  TABLE  1  1 

1  Summary  of  Gases  and  Physical  Properties*  | 
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TABLE  2 


Equilibrium  Constants,  Enthalpies  ,  Free  Energies  and  n-values 


N2/A-572 


ni  =  0.322  ±0.001;  n2  =  1.68810.001;  ns  =  5.388  ±C 


T®C 

K, 

-AGi 

CO 

O) 

• 

125146 

1.7 

-42 

5.74 1 0.09 

0.802 

0 

1.110.4 

0.036 

25 

0.710.1 

-0.2 

11.5  +  0.1 


0.92  ±  0.02 


0.21  ±  0.08 


0.05  ±  0.02 


ns  =  5.388  ±  0.001 
AH3  =  3.1  ±0.1 


-AG2 

Ka 

-AG3 

0.872 

0.859 1 0.008 

-0.0545 

-0.038 

0.121  ±0.005 

-0.969 

-0.86 

0.0410.03 

-1.7 

-1.8 

0.045 1 0.007 

-1.83 

N2/PPAN 

ni  =  0.500610.0001; 

n2=  1.589  ±0.001; 

na  =  3.584  ±0.001 

-AH,  =  4.6  ±0.1; 

-AH2  =  4.4±0.3; 

-AHa  =  2.7 1 0.1 

K, 

-AG, 

-93 

84 1 5.0 

1.59 

-42 

4.21 1 0.9 

0.659 

25 

0.46 1 0.01 

-0.46 

K2 


8.70  ±  0.03 


0.66  ±  0.02 


0.043  ±  0.004 


0.774 


-0.189 


-1.87 


K3 


0.812  ±  0.003 


0.1210.01 


0.04310.002 


-0.0746 


-0.99 


-1.87 


CO/A-572 

n,  =  0.5147  ±0.0001; 

n2=  1.934  ±0.001; 

na  =  5.324 1 0.003 

-AH,  =  5.210.1; 

-AH2  =  4.7±0.3: 

-AHa  =  3.0  ±0.2 

Ki 


2041111 


8.4 1 0.3 


K2 


16.510.5 


1.11  ±0.06 


1.003 


0.0479 


0.6810.02  1-0.23  0.07710.005  -1.52 


Ka 

-AGa 

1.210.1 

0.056 

0.1510.02 

-0.89 

0.042  1 0.002 

-1.87 

n,  =  0.5697  ±0.0001; 


CO/PPAN 


n2=  1.802  ±0.003; 


na  =  3.642 1 0.03 


-AH,  =  5.2  ±0.1; 

-AH2  =  3.3 1 0.4; 

-AHa  =  2.9  ±0.2  I 

EE9I 

K, 

-AGi 

K2 

-AG2 

Ka 

-AG3 

-93 

2431127 

2.0 

18.710.5 

1.048 

1.310.2 

0.1 

-42 

8.810.3 

1.00 

1.1010.08 

0.0456 

0.1510.04 

-0.88 

25 

0.70 1 0.03 

-0.21 

0.5010.01 

-0.41 

0.050 1 0.005 

-1.78 

1  CH4/A-572 

n,  =  0.1775  ±0.0001 
-AH,  =  6.6  ±0.5; 

;  n2=  1.427  ±0.001; 

-AH2  =  5.6±0.1; 

ris  =  5.037  ±  0.008 
-AHa  =  4.4  1 0.1  ! 

'am 

K, 

-AG, 

K2 

-AG2 

Ka 

-AG3 

-42 

1531100 

2.30 

13.710.2 

1.202 

1.0010.03 

-0.00140 

0 

15.910.8 

1.500 

2.0810.03 

0.397 

0.238 1 0.009 

-0.779 

25 

4.9 1 0.2 

0.94 

0.8810.02 

-0.076 

0.111  ±0.007 

-1.300 

40 

3.3 1 0.2 

0.73 

0.5610.02 

-0.36 

0.081 1 0.005 

-1.57 

TABLE  2  (Cont. 


CH4/PPAN 


n,  =  0.3778  ±  0.0001 ;  nz  =  1 .488  ±  0.001 ; 

=  5.710.1; 


Kz 


8.010.2  0.96 


1.2010.03  0.101 


0.49 1 0.03  -0.42 


0.31 1 0.02  -0.72 


AHi  =  6.6 1 0.2; 


Ki 


71 12 


7.2 1 0.2 


2.610.1 


1.6910.06 


1.95 


0.16 


0.56 


0.328 


na  =  3.56 1 0.02 


K3 

-AG3 

0.83  1 0.07 

-0.088 

0.1710.01 

-0.97 

0.08 1 0.01 

-1.5 

0.05910.006 

-1.76 

ni  =  0.971 1 0.002; 
-AHi  =  10.0 10.2; 


25 


40  110013000 


55  440  1  390 _ 


75  173142 


125  2613 


150  Mill 


175  6.6  1  0.6 


C3H8/A-572 


Hz  =  2.5 1 0.5; 
-AH2=  9.1 10.1; 


-AGi 

Kz 

-AG2 

4.8 

6711 

2.49 

4.3 

31 12 

2.14 

4.0 

1617 

1.82 

3.56 

818 

1.4 

2.58 
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0.33 
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-0.1 

1.68 

0.410.2 

-0.8 

03  =  2.01240 
-AH3  =  8.6 1 0.8 


K3 
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0.04 1 1 


0.04105 
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40  100017100 


55  490 1 920 


75  180150 


125  2314 _ 


150  11.410.9 


175  5.410.5 


.3 
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3.59 


2.47 
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86124 


3915 
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0.9 1 0.4 


0.410.2 


2.6 


2.28 


1.96 


1.5 


0.3 


-0.08 
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K3 


12 


211 


1.1 10.9 


0.513 


0.0412 


0.04 1 0.5 


0.0210.3 


-AG3 


0.9 


0.4 


0.037 


-0.5 


-2.5 


-2.8 


-AGi 

Kz 

~AG2 

K3 

-AG3 

25 

360 1 560 

3.5 

11.810.3 

1.463 

2.810.2 

0.61 

40 

140135 

3.06 

6.1 10.9 

1.13 

1.410.9 

0.22 

55 

66115 

2.7 

3.410.8 

0.80 

0.8  1 0.6 

-0.1 

75 

3014 

2.35 

1.610.5 

0.32 

0.4 1 0.4 

-0.6 

ni  =  .658±2E- 
-AHi  =  7.1±2.4 


TABLE  2  (Cent. 


SO2/PPAN 


n2  =  .69  ±  .002  na  =  4.01  ±  0.2 
-AH2=  1.1±  0.1  -AH3=  4.810.4 


n4  =  4  ±  81 
AH4  =  4.8 1 0.4 


T®C 

Ki 

K2 

K3 

-K4 

-AG4 

25 

EiBiaii 

5.9 

209160 

3.2 

14.21.3 

1.6 

.24 1 .2 

-0.85 

40 

4.8 

82.6120 

1.2 

.2 1 .3 

-1.2 

55 

900 1 8600 

4.4 

36.215.5 

2.3 

3.41.1 

0.8 

.1 1.1 

-1.5 

75 

300 1 800 

3.9 

14.012.3 

1.8 

1.51.9 

0.3 

.11.7 

-1.8 

n,  =  0.18  ±0.01; 
-AHi  =7.310.2; 


Ki 


CO2/A-572 


02=  1.3810.01; 
-AH2  =  6.2±0.3: 


ria  =  8.69 1 0.02; 
-AHa  =  5.2 1 0.1 


-AG3 


5814 

2.21 

6.4610.08 

1.012 

0.50 1 0.01 

-0.37 

25 

16112 

1.7 

3.2 1 0.2 

0.70 

0.24 1 0.02 
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45 

7.410.9 
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1.6410.09 

0.314 

0.1410.01 

-1.24 

75 

3.1  ±0.1 

0.79 

0.5210.01 

-0.45 

0.06  1  0.002 

-1.90 

C2H6/A-572 

ni  =  0.4063  ±0.0003 
-AH,  =  9.010.2; 

II  » 

1 

1.95  1  0.07; 
7.710.1; 

na  = 
-AH3  = 

3.717.6 

6.710.1 

25 

220 1 220 

3.2 

1418 

1.57 

114 

0.2 

40 

1501200 

3.1 

9.4 1 0.4 

1.40 

0.810.2 

-0.2 

55 

64116 

2.7 

4.9 1 0.7 

1.04 

0.4 1 0.4 

-0.5 

100 

11.910.6 

1.836 

1.2310.07 

0.186 

0.1410.04 

-1.47 

a.  Gas-Solid  Equilibrium  Constant  in  atm'\ 

b.  Gas-Solid  Enthalpies  of  Interaction  in  kcal  mole’\ 

c.  Free  Energies  in  kcal  mole‘\ 

d.  Process  capacity  in  millimoles/gram 
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a.  A-572  pore  volumes  (ml):  micro  -0.43;  meso  -0.28;  macro  -0.21. 

b.  PPAN  pore  volumes  (ml):  micro  -0.33;  meso  -0.13;  macro  -0.09. 

c.  Molar  volumes  of  adsorptives.  CO2  value  is  at  -37  ®C. 

d.  Areas  in  m^/g. 

e.  Values  for  process  4  are  4,  0.1752  and  653  and  the  totals  are:  9.36,  0.41  and  1526. 


TABLE  4 

Summary  of  Calculated  Peff  Values* 

Solid 

Gas 

mmols  gas 
adsorbed  @ 

1  atm 

P  eff 

PPAN 

Nj 

0.372 

27.58 

CO 

0.502 

37.22 

CH4 

1.02 

75.62 

CaHa 

3.50 

259.5 

SO2 

6.96 

516.0 

572 

N2 

0.438 

24.92 

CO 

0.562 

31.98 

CH4 

1.32 

75.11 

C2H6 

4.36 

248.1 

C02 

2.87 

163.3 

C3H8 

5.01 

285.1 

S02 

9.90 

563.3 

a.  P«ff  values  In  parentheses  correspond  to  probes  which  are  likely  condensed  In 

the  pores. 
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FIGURE  CAPTIONS 


Figure  1:  Adsorption  Isotherms  for  CO  and  SO2  on  A-572  at  -93  °C  and  25  °C, 

respectively.  Points  ©  represent  experimental  values  for  CO  and  ZS. 
those  for  SO2.  The  dashed  and  solid  lines  represent  the  calculated 
Isotherm  for  SO2  and  CO  respectively  using  the  K  and  n  values  in  Table 
2. 

Figure  2:  Contributions  of  the  Processes 

1( - ),  2  ( — )  and  3  ( . )  to  the  Total  Adsorption  Isotherm  for 

CH4  adsorption  on  A-572  at  -43  °C.  Component  isotherms  are  calculated 
with  the  K’s  and  n’s  in  Table  2. 

Figure  3:  Log  K  vs.  1/T  Plots  for  Various  Adsorptives  by  A-572. 

Figure  4:  Correlation  of  Enthalpies  of  Adsorption  with  the  Square  Root  of  the  van 
der  Waals  constant  of  the  Adsorptive.  The  enthalpy  for  process  one  Is 
illustrated. 

Figure  5:  Correlation  of  the  Enthalpy  of  Adsorption  with  the  Free  Energy  of 

Adsorption  at  25  ®C.  The  probe  gases  of  Table  2  are  shown  for  A-572 
and  PPAN  for  process  1. 

Figure  6:  The  Free  Energy  of  Adsorption  at  25  ®C  vs.  the  Square  Root  of  the  van 

der  Waals  Constant.  Data  is  shown  for  adsorption  processes  1  ( —  ) 
and  2  (-•-•)  on  A-572  with  the  adsorptives  in  Table  2. 
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pl|OS  S  /SpB  Sd|OUIlU 


[od/d] 


pT^OS  S/spTS  SOlOlUUI 


(od/d) 


van  der  Waals  [a] 


(kcal/mol) 


0.002  0.003  0.004  0.005  0.006 


